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1 Introduction 



Violations of the CP (Charge Conjugation combined with Parity) symmetry are of great interest 
in particle physics especially since its origin is still unclear. Better understanding of this (so 
far) rare phenomenon can lead to new physics which may explain both the origin of mass and 
the preponderance of matter over anti- matter in the present universe. Indeed, reactions that 
violate CP are such a scarce resource that in over thirty years the only confirmed examples of 
CP violation are those found in the decay of the /CL-meson[|. 

The first experimental observation of CP violation was in 1964 by Christenson, Cronin, Fitch 
and Turlay ||2| who observed a non- vanishing rate for the decay — > 27r ||3| , 

5r(KL ^ 27r) = 3.00 ± 0.04 X 10~^ . (1.1) 

Since the dominant decay of Kl is to a Stt state of CP = — 1, the above decay to a manifestly 
CP = +1 state clearly violates this symmetry. 

Another example of CP violation which is well established in is the difference between 
T{Kl ^ l+viTi-) and T{Kl ^ rz.^7r+), ^ = e,^l§,■. 

^i^- - f ?i 7 ^'^^-^?:!i M3.27 ±0.012) .10-3. ,1.2) 

All of these observations of CP violation in the Kl system can be explained by the CP violation 
in the mixing of the neutral K mesons. Thus 



\Kl) = [{l + e)\K")-{l-e)\K"))/^2il + \e\^) , (1.3) 
\Ks) = ((1 + 6)1^0) + (l-6)|if0))/^2(l + |6|2), (1.4) 
where the experimental value of e is Q: 

|e| = (2.263 ± 0.023) x lO'^ ; arg(e) = 43.49 ± 0.08 . (1.5) 

As is well known, this mixing can be accommodated in the Standard Model (SM) with three gen- 
erations where the CP violation originates through a phase in the Cabibbo Kobayashi Maskawa 



(CKM) matrix as will be discussed in some detail in section 3.1. 

The SM further predicts that there is an additional CP violation in Kl — > tttt parameterized by 
the quantity e'. The prediction is that e'/e = 0(10"^); the theoretical difficulties in determining 
the hadronic matrix element prevent us from making a more precise estimate Q. Experimentally 
3f?e(e'/e) may be measured via B: 



3f?e(e7e) ^ ^ 
6 



^ _ |??ooP 



\V+- 



(1.6) 



where 



_ {n^n^\Hw\KL) 

{nin^\Hw\Ks) ' ^ ' 

and Hw is the relevant weak interaction Hamiltonian. 

After some two decades of intensive efforts, new and quite dramatic experimental develop- 
ments have recently taken place that we would now briefly like to mention. First of all, let us 
recall that a few years ago the CERN experiment NA31 gave the result 0: 

s)?e(e7e) = (23 ± 6.5) x 10"^ , (1.8) 



^For excellent recent books on CP violation see ref. 
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appreciably different from zero. On tlie other hand, the Fermilab experiment E731 found it 
completely consistent with zero [Q: 



3?e(e7e) = (7.4 ± 6) x 10"^ . (1.9) 

For the past many years improved experiments have been underway, at CERN (experiment 
NA48), and at FNAL (KTEV) with an expected accuracy of about 0(10"^), KTEV has recently 
announced their new results on e'/e, based upon analysis of 20% data collected so far [^: 

^e{e/e) = (28 ± 4.1) x 10"^ . (1.10) 
Combining with and |^] one now finds: 

^e{e'/e) = (21.8 ± 3) x 10"^ , (1.11) 

thus conclusively establishing that e'/e ^ 0. Such a non-vanishing value formally lays to rest the 
phenomenological superweak model |jl^ of CP violation as it unambiguously predicts e'/e = 0. 
However, unless the computational challenges presented by strong interactions can be overcome, 
it is unlikely that the measured value of e'/e would confirm or refute the SM in any reliable 
fashion. 

Experiments involving S-mesons are more likely to have a quantitative bearing on the SM. 
Just as the SM indicates that the natural size of CP asymmetries in K physics is O(10~^-10~'*), 
it also strongly suggests that the effects in the B system are much bigger; in many cases CP 
asymmetries are expected to be tens of percents. This expectation renders the B system ideal 
for a precise extraction of the CKM phase and, indeed for a thorough quantitative test of the SM 



through a detailed study of the unitarity triangle |11]. The asymmetric and symmetric B factories 



currently in the early stages of running at KEK, SLAC and Cornell and hadron machines, should 
have a very important role to play in confronting the experimental results with the detailed 
predictions of the SM. A recent CDF result [12| for CP violation in B^ — > J/'^Ks, though crude 
at the moment, indicates that CP violation may indeed be large in the b system. 



Experiments at FNAL have decisively |13] demonstrated that the mass of the top quark is 
extremely large, i.e., the DO and CDF average is now rrit ~ 174 GeV [|l4|. This has some very 
important consequences. First the top rapidly undergoes two-body weak decay: t — > 6 + W, 
with a time scale of about 10~^^ sec, which is shorter by an order of magnitude than the typical 



QCD time scale necessary for hadronic bound states to be formed [15]. Thus, unlike the other 
five quarks, the top does not form hadrons. It means that the dynamics of top production and 
decay does not get masked by the complications of non-perturbative, bound state physics, i.e., 
the "brown muck" . All of the CP violation phenomena relevant to the top are therefore of the 
"direct" type. 

We should think of the top quark as an elementary fermion. For example, it therefore is 
sensible to ask for its dipole moment ]l6|, 17, O, 19|. Unlike the other quarks the spin of the top 



quark becomes an extremely important observable. Indeed the decays of the top quark become 



very effective analyzers of its spin, see e.g., |2C, 21 



The SM predicts, however, that CP-violating effects in t-physics are very small. This is 
primarily due to the fact that its large mass in comparison to the other quarks renders the 
Glashow-Iliopoulos-Maiani (GIM) ||2^ cancellation particularly effective p^, [25|]. This being the 
case, what then is the motivation for the study of CP violation in the top quark system? 

There are two related reasons why one might expect to find such effects. First of all there is 
another important example of CP violation which the SM fails to explain, namely the excess of 
matter over anti-matter in the universe. It was shown by Sakharov in 1967 that CP violation 
is one of the necessary conditions for baryon number asymmetry to appear in the early universe; 
baryon - anti-baryon asymmetry can be dynamically generated at early stages after the big bang 
even if the universe was "born" symmetric, provided that: (i) C and CP are violated, (ii) there 
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are baryon number violating interactions and (iii) there is a deviation from thermal equilibrium. 
The basic idea is that, if CP is violated, then baryons and anti-baryons interact with different 
rates at some point in the early universe. However, the CP violation due to the SM appears too 
weak to drive such an asymmetry [27|. In many cases, extensions of the SM such as the Two 
Higgs Doublet Model (2HDM) or the SUperSYmmetric (SUSY) extensions of the SM are able to 
supply the CP violation required to produce such a baryon asymmetry in the early universe. In 
fact in some models [28, ^ it is precisely the couplings of the top quark to CP-violating phases 
in beyond the SM physics which drive baryogenesis. Thus, the study of CP violation in top quark 
interactions in the laboratory could shed light on these primordial processes. 

The second motivation for investigating CP violation in top quark physics is that in many 
extensions of the SM, CP violation in the top quark can be particularly large. Indeed, because 
the SM contribution to CP violation in the top quark is so small, any observation of such effects 
would be a clear evidence of physics beyond the SM. The argument here parallels the search for 
the weak neutral current, in the 1970's, by looking for parity violation in deep-inelastic-scattering. 
The point is that the existing theory of the time, namely QED, could not cause parity violation 
in deep-inelastic-scattering. Such an effect became an unambiguous signature for the existence 
of the weak neutral current. 

Since various extensions of the SM entail new CP-violating phase(s), we should seek the 
optimal strategies for searching each type of new phase. In this context we first recall, what has 
been emphasized on the preceding page, that the &-quark is very sensitive to the CKM phase 
of the SM. Existing literature has revealed that top physics is very sensitive to several different 
types of new phases. Upcoming high energy colliders of the next decade can therefore serve as 
excellent laboratories for searching for new physics in top quark systems, and in particular, for 
studying CP-violating effects associated with those new CP-odd phases. The upgraded Tevatron 
pp collider (runs 2 and 3) at Fermilab which will be able to produce about 10^ — 10^ tt/year, 
the CERN pp Large Hadron Collider (LHC) will produce about 10^ — 10^ ti/year, and about 
10^ — 10^ tt/year are expected at a future e~^e~ Next Linear Collider (NLC). 

A CP-odd phase due to an extended neutral Higgs sector or vertex corrections arising in other 
extensions of the SM can endow the top quark with a large dipole moment form factor. Such an 
effect could be detected both at an e"'"e~ collider, such as the NLC or hadron colliders such as the 
LHC. A CP-violating phase in the neutral Higgs sector also causes large CP asymmetries in the 
reactions e~^e~ ttH^ and e'^e~ — > ttUeUf,, both of which should be a prime target for the NLC. 
Moreover, CP violation in the neutral Higgs sector and in supersymmetry can have interesting 
effects in single top production at the upgraded Tevatron pp collider at Fermilab and in tt pair 
production at the LHC. The transverse polarization of the r in the three-body top decay t hrv 
is extremely sensitive to a new phase from a charged Higgs sector in Multi-Higgs Doublets Models 
(MHDM's). Finally, CP-odd phases in SUSY models have also interesting effects in Partial Rate 
Asymmetry (PRA) in t — > W~^b versus i — > W~b. These processes and others will be discussed 
in the subsequent chapters. 

We will not consider CP violation phenomena in which the top quark is virtual rather than 
an external particle. It suffices to recapitulate that, in the SM, CP violation is often dominated 
by the virtual top quarks in the loops. Let us also comment that the discovery of the top with 
the measurement of rrit, and the progress in determination of the CKM matrix elements as well 
as considerable progress in theory, has influenced our understanding of CP violation in K and 



B physics within the SM [^0[ and beyond the SM [31|. Furthermore, for the Electric Dipole 
Moments (EDM's) of the electron and the neutron [32|, the virtual top quark also plays a crucial 
role in extended Higgs sector scenarios. 
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2 General discussion 



2.1 Definitions of discrete symmetries C, P &; T 

Let us now review the definitions of the discrete symmetries C, P and T and recah a few basic 
facts concerning their manifestation in relativistic quantum field theory. 

Under the parity transformation, P, the spatial coordinate axes are reversed, i.e., Px = —x. 
Thus for an ingoing particle, X, in a specific momentum and spin state \X; P, S)ia_, the action 
of parity is to reverse the momentum, leaving the spin fixed as angular momentum is an axial 
vector defined by a cross product. Hence 

|X;-P,S)in . (2.1) 

Under the Wigner definition of time reversal, T, the sign of both momenta and spins are reversed, 
and also, due to the anti-unitary nature of T, |)in and |)out states are interchanged. Thus 

T\X; P, Shr, ^ \X; -P, -S)out ■ (2.2) 
Under Charge conjugation, C, each particle is replaced by its anti-particle, and so 

C\X;P,S)i^^\X;P,Shn , (2.3) 

where X means that all charges and other additive quantum numbers are reversed. 

It can be shown that local relativistic quantum field theories with the usual spin-statistics 
relations are invariant under the combined action of all three of these symmetries where [^] : 

CPT\X; P, S)in = \X; P, -S)out • (2.4) 
Thus, such a theory violates T if and only if it violates CP, where 

CP\X;P,S)i^^\X;-P,S)i^, (2.5) 

and in this sense CP and T violation are equivalent. 

Other well known consequences of the CPT theorem are that masses of particles and anti- 
particles are the same, mx = "t-x; and the total widths of particles and anti-particles are also 
equal, Tx = ^x- Note that it does not follow from CPT that decay rates to specific final states 
are the same. In fact, partial width differences, i.e., a non-zero value of 



A{X ^ A) = T{X ^ A) -r{X ^ A) , (2.6) 

is a form of CP violation that we will discuss in more detail in section Clearly it follows from 
Fx = Pjf that 

J2A{X^A) = 0, (2.7) 

A 

where the sum is over all possible final states. The relationship between A(X A) and the 



other final states which compensate for it will also be discussed in detail in section 2.3. 

In this report we are largely concerned with the violation of discrete symmetries in decay and 
scattering experiments. We, therefore, need to consider the implementation of CP and T on the 
5-matrix. 

For C and P this is straightforward. Consider the initial state of n, particles 

K) = \Pa, Pb, - ■ ■ , Sa, Sb, . . .)in , (2.8) 

and the final state of nj particles 
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\f) = \Pl,P2,...,Sl,S2,...)out , (2.9) 

so that the S'-matrix element is 

{f\S\i) = Sfi . (2.10) 
The transformations P and C follow from the single particle transformation 

l/p) = \-Pl,-P2,...,Sl,S2,...)ont , (2.11) 
\fc) = \Pl,P2,...,Sl,S2,---)ont , (2.12) 

and likewise for \ip), \ic)- The transformation of the 5*- matrix element under these symmetries 
is thus 



Sfi Sfpip , (2.13) 
Sfi Sf^,^ . (2.14) 

and thus 



Sfi Sfcpi^p . (2.15) 

The nature of time reversal, however, requires the interchange of |)in and |)out states so that the 
effect on the S-matrix will be anti-unitary. Thus 



l/r) = |-Pi,-P2,...,-.5i,-S2,...)i„ , (2.16) 

Kt) = |-P„,-n,...,--S„,-56,...)out , (2.17) 

such that 

Sfi Si^f^ . (2.18) 

Needless to say, because of the interchange of initial and final states, accelerator based experiments 
seldom test T directly. 

These symmetries, as they are defined in S-matrix theory are fundamental in that if the 
Lagrangian and the vacuum states respect C, P or T, then the corresponding symmetry of the 
(S-matrix will apply. We will also find it useful to consider the symmetry Tj\r - "naive" time 
reversal - for which this is not true. The definition of Tjv is to apply T to the initial and final 
states without interchanging them 

Sfi ^ Sf^i, . (2.19) 

Thus, Ttv is a "symmetry" which can be tested in accelerator based scattering experiments, but, 

as we shall sec in the following section, it only corresponds to "true" time reversal (T) operation 
at tree-level in perturbation theory. It is nonetheless useful in categorizing the various modes of 
CP violation. 
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2.2 CP-violating observables: categorizing according to Tj 



N 

It is useful to divide CP-violating observables into two categories (see e.g., [0, |2|, those 
that are even under "naive" time reversal (T/v) and those that are odd. Recall that T/v is defined 
as a transformation which reverses the momenta and spins of all particles without the interchange 
of the initial and final states. This contrasts with true time reversal, T, in that under T initial 
and final states are also interchanged. 

The symmetry T/v is not a fundamental symmetry like C, P and T since the S'-matrix under 
T/v need not follow from the transformation properties of the Lagrangian. Nevertheless, it is a 
useful tool for categorization and as we shall presently show, observables which are CP-odd and 
T/v-odd, i.e., are CPT/v-even, may assume non-zero expectation values in the absence of Final 
State Interaction (FSI) effects. In particular, tree- level processes in perturbation theory may lead 
to non-vanishing expectation values for these operators. On the other hand, CP-odd Tjv-even 
(i.e., CPT^r-odd) operators may only assume non-zero expectation values if such FSI effects are 
present giving a non-trivial phase to the Feynman amplitude. Such a phase, often called a strong 
phase or absorptive phase, may arise in several ways. It may be present in a loop diagram if the 
internal particle(s) can be on-shell. An interesting variation of this, which we will consider in 
section |2.4| , is in the propagator of an unstable particle where the strong phase is the phase of 
the Breit-Wigner amplitude. Non-perturbative rescattering of final state particles can also give 
a strong phase though this is more of interest in CP studies in B and K physics. 

Indeed, T/v is useful in understanding when CP-conserving observables depend on an ab- 
sorptive phase. In particular, a CP-even T/v-odd observable (typically a CP-even triple product 
correlation of momenta and/or spins) will only assume an expectation value if FSI effects are 
present. Thus, for instance, if one is looking for a CP-odd, T/v-odd effect, one must have data 
both on the process of interest and its CP conjugate (if they are different) in order to distinguish 
from the possible background of CP-even T/v-odd effects (see e.g., [^ ). 

In order to understand the role of T/v , let us consider the unitarity relations of the S-matrix 
(implied by conservation of probabilities). Following a derivation analogous to the optical theorem 
|37[| we write the S'-matrix in terms of the scattering amplitude T 



S = l+iT, (2.20) 
where, for a given transition i ^ /, T is related to the "reduced scattering amplitude", r, by 

<f\T\i>=i27r)^6^ipf-p,)<f\r\i> . (2.21) 
Substituting Eq. 2.20 into the unitarity relation 5^5" = 1 we obtain 

rfi-T*f = iY,T:fTni , (2.22) 

n 

where we denote {a\T\b) = Tab- In terms of r this becomes 

Tfi -r:f = i{2TTf ^\Pn - PiXfTm • (2.23) 
n 

Let us now assume that there are no rescattering effects and that (to the order of approximation 
considered) i and / are stable states so that tu = Tfj = 0. Thus, for each possible intermediate 



state re, the rhs of Eq. p.23| vanishes. Therefore, in the absence of rescattering, r is hermitian 



nj = r}, . (2.24) 
Now, if T is CP invariant, then by the CPT theorem it is also T invariant. Thus 

{f\r\i) = {iT\r\fT) = (/tItIzt)* , (2.25) 
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Tn 


CP-violating 


CP-conserving 


even 


Y 


N 


odd 


N 


Y 



Table 1: Transformation properties under and CP and presence or absence of final state 
interactions (FSI). Here Y = F SI present and N = FSI absent. 



and therefore 

|< f\T\i >|2 = |< fT\T\iT >|' . (2.26) 

In fact this equation means precisely that the modulus of (/|t|«) is invariant under T^. Since, 
in the absence of rescattering, the expectation value of any operator depends only on |(/|T|i)|, 



Eq. 2.2t implies that if CP is conserved, then only T/y-even operators can have a non-vanishing 
expectation value. 

What we have shown therefore is that in the absence of rescattering effects (i.e., 3'm(T) = 0, 
in which case the requirement of CPT invariance leads effectively to conservation of the scat- 
tering amplitude under CPT/v) and in the absence of CP violation, T/v-odd observables have 
zero expectation value. Thus, if such a T/v-odd observable O has a non-zero expectation value, 
either CP is violated and O is CP-odd (i.e., CPTjv-even) or there are rescattering effects present 
(implying CPT / CPTat) and O is CP-even (i.e., CPT/v-odd). Conversely, let us suppose O 
is CP-odd and r^v-even (i.e., CPT/v-odd). Again Eq. 2.26| implies that this operator can only 



assume a non-zero expectation value if rescattering effects are present. These properties of the 
operators are summarized in Table |l[ 

From Table |l| we see that another consequence of Eq. 2.26 is that a T/v-odd signal is only a 



definite signal for T violation and hence of CP violation in the absence of rescattering effects. To 
confirm the CP-even or CP-odd nature of such a reaction one must therefore compare data from 
i ^ f with the charge conjugate channel i ^ / to explicitly verify CP violation or else rule out 
rescattering effects in some other way. 

Recall from the definition of time reversal that the spatial components of vectors representing 
momenta and spins are reversed. Thus, an observable is T/v-odd if it is proportional to a term 
of the form e(f i, f2, W3, V4), where Vi are 4- vectors representing spins or momenta of initial and 
final state particles and e is the Levi-Civita tensor. Consequently, T/v-odd signals can only be 
observed in reactions where there are at least four independent momenta or spins that can be 
measured. 

There are two important venues for the investigation of CP violation that we will deal with 
extensively. The first one is when CP nonconservation appears in decays of a particle and the 
second, is to search for scattering processes that can give rise to CP violation. The latter consist 
of two different possibilities: either the CP-violating effect is due to the subsequent decay of the 
particle which is produced in the scattering process or the CP nonconservation is driven by an 
intrinsic property of the scattering mechanism itself. 

An observable which is CP-odd and T/v-even, thus requiring an absorptive phase (as was 
shown above), and which is widely used in the case where the CP effect appears in decays of 
a particle is called PRA (Partial Rate Asymmetry). This observable is non- vanishing when a 
particle A decays to a state B with a partial width T{A — > B) whereas the partial width of the 
conjugate process, i.e., T{A — > B) is different from T[A B). Thus, defining 

_ r{A^B)-T{A^B) 
^P^^ = T{A^B) + nA^B) ' (^-^^^ 

it is easy to see that apRA is odd under CP and CPT/v. For apRA to receive non- vanishing 
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contributions, at least two amplitudes with different (CP-even) absorptive phases as well as with 
different CP-odd phases must contribute to A ^ B. To see this explicitly, let us define Aii and 
2 to be the two possible amplitudes contributing to A ^ B 



M = M{A ^ B) = \Mi\e''^^e'^^ + \M2W'P^e'^^ , 

M = M{A -^B) = \Mi\e-'^'e'^' + \M2\e-'^^ e'^^ , (2.28) 

where ipi are CP-odd phases that change sign as one goes from A ^ B to A ^ B^ and 6i are 
CP-even phases that can arise due to FSI. It is then easy to see that 

- = -4|7Wi||7W2|sin(5i -(^2)sin((^i -(^2) • (2.29) 

Clearly apRA, being proportional to (|A^P — l-Mp), will vanish if the two amplitudes do not have 
a relative absorptive phase, i.e., c^i — (52 7^ as well as a relative CP-odd phase, i.e., v'l — ¥'2 7^ 0. 
Of course upra does not violate CPT ||3^ as the requirement of CPT applies only to total widths 
r(^) = T{A). This equivalence (i.e., r(^) = r(^)) is due to the fact that the absorptive phase of 
r(^ — > B) emanates from rescattering through an on-shell intermediate state C and vice versa, 
i.e., the absorptive phase for r(^ — > C) will emanate from the on-shell intermediate state B. This 
fact is an example of the well-known "CP-CPT connection" [^, The states B and C are 

referred to as compensating processes. Of course, one can in general have this compensation act 
between several final states. 

It is sometimes useful to define a slightly different asymmetry which also requires dealing with 
partial rates. This asymmetry is called the Partially Integrated Rate Asymmetry (PIRA) and is 
defined as 

_ Tpj{A^B)-Tpi[A^B) 

"™ = TpM^b) + TpM^b) ' (^-^^^ 

where Tpi is the partially integrated width for A ^ B obtained by integrating only part of 
the full kinematic range of phase-space. Often such asymmetries can be larger than apRA since 
the portion of the final states not included in the integral may themselves be the compensating 



process. For example, in |42] it was shown that detecting CP violation effects in the process 
t — > brvT through a pira is more efficient than through a pra as the former is driven by tree-level 
diagrams and the latter by 1-loop diagrams. 

A related observable which is also CP-odd and Tj^-even is the energy asymmetry 

^ , (2.31) 

<Ei> + <E-> ' ^ ^ 

where < Ei > is the average energy of a particle i in a decay of the "parent" particle and < Ej > 
is the average energy of the corresponding anti-particle i in the decay of the conjugate state of 
the "parent" particle. Such an asymmetry becomes relevant when the decay involves three or 
more particles in the final state and may be regarded as a weighted PRA. 

A further generalization of the above constructions of CP-odd T/v-even observables is by 
considering combinations of dot products (thus being even under T^r) of measurable momenta 
or spin vectors. Examples of such CP-odd T^v-even observables will be given in the following 
chapters. 

As an example of the various types of operators discussed above let us consider the reaction 

e-{pe) + e+{Pe) ^ t{pt, St) + i{pt, St) , (2.32) 

where pi are 4- momenta and Sj are spins. Clearly, no T/y-odd observable can be constructed 
without the Levi-Civita tensor, e, and since the momenta satisfy pe + Pe = Pt + Pt one needs 
to use the spins of the t and i to construct such observables. Indeed no non-trivial CP-odd 
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observable can be constructed without knowing the spins either, so top polarimetry is essential 
for the study of CP violation in this reaction (see section p.8| ). 

As an example of a T/y-even CP-odd operator consider in the cm. frame of the e~^e~: 

Ol = {pe - Pe) ■ {st - St) =-{Pe- Pe) ' {St " ^t) • (2.33) 

Clearly this is T/v-even and also C-even. It is P-odd since St, St are axial vectors while Pe,Pe 
are polar vectors. Thus, since Oi is CP-odd and CPT/y-odd, it will have an expectation value if 
both CP violation and rescattering effects are present. Consider now the operator 

O2 = e'^^^'^PeaPepst^sts OC (Pe " Pe) " {St X St) . (2.34) 

Clearly O2 is T^r-odd and C-even but also P-odd. This CP-odd observable can therefore give a 
signal of CP violation without the necessity of rescattering effects. 
Finally the operator 



O3 = e''f'^^peaPep{st " St)^{pt+Pt)5 OC {P, - P,) • [{St - St) X {Pt + Pt)] , (2.35) 

is T/v-odd, P-even and C-even and so provides a signal of CP-conserving rescattering effects. 
Similarly many more operators can be constructed with the symmetries of the above. Some 
consideration of the physics to be tested for is helpful in selecting the operator most useful in 



measuring possible CP-violating effects. We will consider that in more detail in section 



2.3 Partial rate asymmetries and the CP-CPT connection 

As mentioned in the previous section, one of the most interesting and widely studied observable 
for testing CP violation is the difference between the partial width of a reaction, T{A B), from 
that of the conjugate reaction, r(^ — > B). Thus, if r(^ — > P) 7^ T{A — > B), then CP is violated 
in the decay. In practice, it is better to work with the corresponding dimensionless ratio apRA 



in Eq. 2.27, called the PRA. Its use, specifically in the context of heavy quarks and the SM, first 



appeared in |43|. 



Since the CPT theorem demands that particle and anti-particle have identical life-times (or 
total widths), that theorem imposes important restrictions on the form of CP-violating PRA's; 
these were first recognized by Gerard and Hou pO| ]. 

In perturbative calculations, which lead to PRA's, if all the diagrams are systematically 
included, the requirement of CPT - that the total rate and its conjugate be identical - should 
be manifest order by order. The compensating processes should also be evident as the internal 
states of loop diagrams. When simplifications are used in such calculations the constraint of the 
CPT theorem provides an important consistency check. Furthermore, these restrictions can be 
used to greatly facilitate the calculations of the PRA for a compensating process. 

A general formalism for maintaining the CPT constrains in calculating PRA's was given in 
|4l[| . In particular, it was shown that if one defines a partial width difference, into a particular 
final state, /, as 

A/ = r(P^/)-r(P^7) , (2.36) 

where P and P are the decaying particle and its anti-particle, respectively, then equality of total 
widths r(P) = r(P) implies 

A/ = - ^ Aj . (2.37) 
More specifically, in perturbation theory one can write at a given order 
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and 



A/ = ^ A/(J) (2.38) 



Ai{J) = -Aj{I) . (2.39) 



Here A/ (J) denotes a contribution to the partial width difference into the final state / which 
is driven by the final state J, and conversely, Aj(/) is the contribution to the particle width 



difference into the final state J being driven by the final state /. Due to Eq. p.39| , summing up 
the partial width differences over all the final states one gets 

Y.Ak = 0, (2.40) 

K 

where K runs over all final states, /, J,. . . Thus the requirements of CPT are automatically 
satisfied. Two important conclusions that can also be drawn are: 

(a) Rescattering of a state on to itself cannot give rise to PRA. This follows immediately from 



Eq. by setting J = I. 



(b) The knowledge of the PRA into some final state I that is driven by the absorptive cut 
across a final state J, can be used to deduce the PRA into the final state J arising over 
a corresponding cut across the state /. As mentioned before, such two processes are often 
called "compensating processes". 

Let us first illustrate how these considerations apply to PRA's in b decays. Consider, for 
example, the process b — > sec. The lowest order non-vanishing contribution to the PRA arises 
here, at order Ug, from the interference of the tree graph in Fig. |l](a) with the penguin graph in 
Fig. |l|(b) which has an absorptive cut across the u quark line. The compensating process is then 
b suu where, for this process, the absorptive part, 9m(loop), is driven by a cut on the c quark 
line in the loop. Thus 

Ascc{suu) + Asuu{scc) = , (2-41) 

where the compensating nature of these two processes is illustrated in Fig. [l|(c). 

At this point it is instructive to discuss in some detail how the cancellation follows from the 
Feynman diagrams combined in Fig. |l|(c) . Let us denote by T^cc, Tguu the tree- level contributions 
to b ^ sec, b — > suu, respectively. Likewise, let us denote by Pgcci Psuu the penguin contributions 
to 6 ^ sec, b suu, respectively, with q = u,c,t being the intermediate quark in the penguin. 
We also denote the conjugate amplitudes as T^cc, Tguu, Pscs ^-iid Pguu- 

These amplitudes may be represented in terms of their magnitude and phase as follows 



rp _ — pi4'c\T -I T - — f>-^4'c\T -I 

■^scc — c I sec I -'-sec — Ksccl 

T - — e*<Aii|T -I T - — p—i<t>u\T^ _| 

-'- suu — \± suu I -I- suu — ^ K suu \ 

pi _ — pi'Pqpi^q I P"? _| - = p-i<t>qp^^q I _| 

^ sec ^ ^ I-* sec I see ^ ^ I-* seel 

pi _ = pifpq pi^'q \ pi _\ - = p-i<f>qp^^q\P'i . 

suu ^ K suu\ ^ suu ^ ^ K SUl 



(2.42) 



Here (pq is the CP-odd weak phase which has its origin in the Lagrangian. In particular, the SM 
gives (j)q = aig{yqbV*g), where Vqh and Vqs are the relevant CKM matrix elements. As can be seen 



in Eq. 2.42 this phase changes sign under CP. 



The tree-level diagrams in perturbation theory have no additional phase, however the penguin 



diagrams will, if the internal qq pair can be on shell |43|. These strong phases do not change sign 
under CP and are denoted here by and A^. Note that in general A^ , A^ will depend also on 
the external momenta. 
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(C) 

Figure 1: (a) Tree-level diagram for b sec, (b) 1-loop (order as) penguin diagram for b — >■ sec, 
and (c) a diagrammatic description for the compensating nature of the contribution from b sec 
and b suu to the PRA 's. For b — > sec: the dashed line indicates an absorptive cut along inner 
particles (uu) in the penguin diagram and the solid line refers to an external phase-space cut (ec). 
For b — ^ suu the role of the cuts are reversed: the dashed line is the external uu phase-space cut 
and the solid line indicates the ec absorptive cut in the penguin contribution. 
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In this notation, the partial width differences that appear in Eq. 2.41 are given by the inter- 
ference of the tree and penguin amplitudes 



iscc{SUU) 



Asuuiscc) 



sec) 



2 {^e{Tsc-cPscc) - Mfsc-cPscc)} dPh{b 
4 / |r,,;=| \P1A sin((/., - sm{Xl)dPh{b sec) 

'Sle{fsuuPsuu)} dPh{b suu) 



2 ^^j^eiTguuPsuu) 



\Tsuu\ \Psuu \ si'^l 



(t)u) sin(A")dP/i(6 suu) 



(2.43) 



where dPh{ ) indicates an integral over the phase-space of the decay. 
Referring to Fig. ||(c) we see that the expression 



J \Tscc\ \Psc-c\ sm{Xl)dPh{b ^ sec) , 



(2.44) 



is the interference of the absorptive part of Pj^g (indicated by the dashed line) with the tree-level 
graph (shown to the right of the solid line) . It is identical to 



\T,uu\\PUMK)dPHb 



uus 



(2.45) 



since all the couplings are the same and we have just interchanged the role of the internal phase- 
space of the uu cut (dashed line) with the external phase-space cc cut (solid line). That is, for 
the PRA in the decay b — > suu, the dashed line represents the external phase-space cut whereas 
the solid line indicates the absorptive cc cut. We thus conclude that 



Ascc(suu) = -/:\suu{scc) , 



(2.46) 



as required. 

The same kind of argument may be applied at higher orders in perturbation theory as dis- 
cussed in [EH] in the case of b decays, and is clearly an elaboration of the discussion above. For 



a further discussion of this example in the 5-matrix formalism see [41|. 

Let us now consider the analogous example from top decays. PRA in channels of the type 
t udd, add, . . . {d = d, s or b) arise through interference of the "tree" graph in Fig. ||(a) with 
the penguin in Fig. §(b). Since mt > {m\Y + mb), the W is on-shell and the VF-propagator in 
Fig. |2|(a) is complex, as the W has an appreciable width. So the diagram shown in Fig. ^(a) has 
in fact an imaginary part (indicated by the dashed line) due to the T^-width, which can dominate 
over the imaginary part of the penguin diagram depicted in Fig. |2|(b). In fact, the 2-loop diagram 
corresponding to Fig. |2|(b) with a "bubble" on the internal W^-propagator can dominate over the 
1-loop diagram. 



The CP-CPT connection has two implications here, discussed by Soares |44]. Firstly, in 
calculating the PRA into a given channel such as t — > ebb, part of the total 1^-width that arises 
from W ^ eb must be subtracted away as it represents rescattering of the final state onto itself 
(see Eq. 2.38). Numerically the most important consequence here is for the channel t udd as 
then the process W ^ ud is not Cabibbo suppressed and indeed contributes about 1/3 to the 
VK-width. 



A second interesting implication of the CP-CPT connection, pointed by Soares [44|, in par- 
ticular Eq. 2.39, is that the PRA of leptonic decays of the top (e.g., t — > dei^e) can be deduced 



from the PRA into its hadronic decays (e.g., t — > dcd). In the language of Eq. 2.3£ these two 
reactions are the compensating processes of each other, i.e., / = dcd and J = de'^v^, in Eq. 2.3£ 
leading to 
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Figure 2: Feynman diagrams contributing to the decays t — > udd (d = d,s or b and u = u or c) 
and to the decay t — > defg." (a) "Tree-level" diagram for t — > udd (with an imaginary part from 
the unstable on-shell W), (b) 1-loop (order ctg) penguin diagram for t — ^ udd, (c) The "real" 
tree-level diagram for t deVf,, (d) 2-loop contribution to t deu^ with an absorptive cut along 
the intermediate du lines, and (e) A diagrammatic description for the compensating nature of the 
contribution of the 1-loopx 1-loop processes to a PRA in t ^ udd and the treex 2-loop processes 
to a PRA in t ^ deve (see text for discussion). 
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(dcd) = -^^^{deve) . (2.47) 



The relevant Feynman diagrams that contribute to a PRA in the leptonic top decay t — > deve 
are depicted in Fig. ^(c) (tree-level diagram) and Fig. |(d) (2-loop dia gram with an absorptive 
cut along the inner du lines). A graphic illustration of how the compensating nature between 
the channels t — > dud and t — > deVf, comes about (i.e., Eq. 2.47| ) is shown in Fig. |2|(e). In this 



figure the dashed line indicates the absorptive cut that, due to the Cutkosky rule, is responsible 
for the FSI phase in the decay t dud, and the solid line indicates the separation between 
the two contributing diagrams to the PRA in t ^ dud. Similarly, for the decay t deVe the 
roles of the dashed and solid lines are reversed such that the dashed line indicates the separation 
between the two contributing diagrams (shown in Figs, ^(c) and|^(d)) and the solid line represents 
the necessary absorptive cut for the PRA in the decay channel t dev^- Notice that a direct 
calculation of the PRA in the leptonic top decays would have required a calculation of a 2-loop 
graph (Fig. 0(d)). So this application of the CPT theorem is especially noteworthy as through 
Eq. |]3| the necessary calculation gets simplified to dealing with two 1-loop graphs (namely 
Fig. 0(a) and Fig. |2|(b)). Unfortunately all the PRA's resulting from such interferences between 
the M^-propagator and the penguin are much too small to be of experimental interest, at least in 
the SM. 

Before we finish this discussion on the CPT constraints on PRA's, let us emphasize two 
important points. First it should be very clear that these constraints are imposed only on a 
single CP-violating observable, namely PRA. Indeed, in general, many other (T/v-even) CP- 
violating observables can be constructed (e.g., energy asymmetry, helicity asymmetry,. . . ) which 
are similar to PRA in that they all require CP-conserving FSI phase(s). CPT constraints are 
very specific; they do not affect any of these other observables other than PRA. In particular the 
stricture of CPT, that the rescattering of a final state onto itself cannot give rise to an asymmetry, 
is specific to PRA only. Rescattering of a final state onto itself can give rise to important nontrivial 
experimental implications for all other CP-violating observables; rescattering graphs can certainly 
cause observable helicity or energy asymmetry. Another way of viewing this situation, in light of 
the CPT theorem, is to regard each portion of the phase-space or each polarization as a separate 
final state. Thus one portion of phase-space or polarization state can compensate for another. 

As a specific example of this, consider the Schmidt-Peskin effect namely the helicity asym- 
metry 

ail tt 

induced in the reaction pp ti+ X. Here N(tLtL) represents the number of pairs of left-handed 
t and left-handed t produced in the inclusive reaction. In a 2IIDM with CP-violating phase(s) in 
the neutral Higgs sector, a non- vanishing value of ah arises from interference of tree-level diagrams 
with 1-loop diagrams involving neutral Higgs exchanges in the loops (see Fig. ^ in Chapter 0). 
In this case, the CP-conserving FSI phase required by Oh is provided by an absorptive cut which 
explicitly arises from tt tt, i.e., rescattering of a final state onto itself. So a very interesting 



CP-violating effect, namely the helicity asymmetry in Eq. 2.48 - a CP-odd TAr-even observable 
(similar to PRA with respect to this classification) - arises from self-rescattering of a final state 
(we will return to a more detailed discussion of the Schmidt-Peskin effect in Chapter |^). Thus, 
in general, in discussing CP violation phenomena or in calculations of CP violation effects, self- 
rescattering graphs should not automatically be discarded, unless of course one is specifically 
calculating PRA's. In particular, for the specific case discussed above, we may regard t^ii and 
tRtR as compensating final states. 

An important, although somewhat obvious consequence is that even when PRA's are van- 
ishingly small or exactly zero, other CP-odd observables can be non-vanishing and can have 
interesting observational consequences. 
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Another interesting example arises from CP-violating phase originating from a charged Higgs 
sector, as in the Weinberg model [45| with three doublets of Higgs fields. Important CP-violating 



effects arise, for example, in the leptonic decay t — > brur from the interference of the SM graph 
(with W exchange) with the tree-level charged Higgs exchange graph (see Figs. |2^(a) and |2^(c) 
m Chapter 1). 

For this case, let us first consider the PRA 

T[t OTU) + r(t OTV) 

For simplicity, let us assume that mH+ > mt, then a CP-conserving absorptive part required for 
ar arises from the VF-boson "bubble" which contains all possible states other than rvr as required 
by CPT. However, because of the spin zero nature of the Higgs the W~^-H~^ interference has non- 
vanishing contributions only for the scalar part of the W. This argument is most readily seen if 
one uses the Landau gauge for calculating this interference (for more details see Chapter |5|) . In 
that case, the scalar and vector components of the W propagator are cleanly separated according 
to their total angular momentum. Thus, graphs which pass through a vector W intermediate 
state will not interfere with graphs that pass through a Higgs state. The Higgs must therefore 
interfere only with the Goldstone propagator which corresponds to the decay of longitudinal 
W into fermion pairs cs, ud, eVe- ■ .which are all suppressed by powers of the fermion masses. 
Furthermore, the Goldstone propagator shows none of the resonance enhancement associated with 
the vector component. Thus the cs is the most important contributor to the scalar component 
of the VF-boson "bubble" . The ti? and cs can be thought of as the compensating processes. So, 
in fact, the PRA goes as 

ml ml Tw , . 

ar ^ ^ — 2 ' (2.5Uj 

m^ m^ mw 



and is extremely small |46]. 



However, as already mentioned before, just because PRA is vanishingly small does not, 
though, mean that there are no CP violation effects. Indeed, very important and large CP- 
violating asymmetries may arise in the decay t — > brvr- First of all, one can construct an energy 
asymmetry: 

{Er) - {E,) 

That is, compare, e.g., the average energy of the r in t — > 6rz^ with that of the f in t — > bfi/. Then 
aE will not suffer from the helicity suppression or constraints of CPT on a-^ and one expects 



2 ^2 

:r—r. (2.52) 



oe rrif m^ 

-)2 frn2 



Or m^ m; 

as explicit calculations confirm. 

Indeed, a CP-violating asymmetry even bigger than the energy asymmetry, namely the trans- 
verse polarization asymmetry of the r, resides in this W~^-H~^ interference. In fact, the transverse 
polarization asymmetry is enhanced by another factor of mt/mr compared to the energy asym- 
metry as is shown in section ^.1.3 . 



2.4 Resonant W effects and CP violation in top decays 

The large mass of the top (mt ~ 174 GeV) means that it decays to a three-body final state 
primarily through an on-shell W. This fact is of particular interest in the study of CP violation in 
such decays since there will be a large strong (i.e., CP-even) phase inherent in this H^-propagator. 
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In particular, since the VF- width is substantial {Tw ~ 2 GeV), the transverse modes of the 
W are controlled by the Breit-Wigner propagator 



Gt = -2 2 , ' (2-53) 



1 

which will have a substantial strong phase. 

The enhancement of the imaginary part of Gt is evident by considering that, at = m^^, 



|9m(GT)| = {mwTwY^ ■ (2.54) 

The real part swings through at this point but in the vicinity of the resonance it will also be 
large. For instance, if — = mw^Wi then 

|SRe(GT)| = {2mwrw)~^ ■ (2.55) 

Since Tw ~ C(ck) this means that near q'^ niy^ both the real and imaginary parts of the 
amplitudes for decays such as t — > hud, bcb, . . . behave as if they are 0{1) in the gauge coupling 
constant. This phenomena is what we mean by "resonance enhancement". The imaginary part 
here then provides the needed absorptive part (i.e., FSI phase) to lead to enhancement of CP-odd 
T/v-even observables. Likewise, near q'^ ~ rn^y, the real part can magnify the effect of CP-odd 
T/v-odd observables. 

The basic idea of FSI phase driven by particle widths in decays was discussed in [^] (see also 
||48[|). Although originally the discussion took place in the context of the SM in conjunction 
with the CKM phase, it should be completely clear that they can be equally well used with 
non-standard sources of CP violation. Indeed, as dealt in section 5.1.3| , the VF-resonant effects 



provide a significant enhancement of T/v-even and T/v-odd CP-violating effects in top decays in 
the context of an extended Higgs sector. 



2.5 Effective Lagrangians and observables 

One tool that is often used to catalog the effects of new physics at an energy scale, A, much 
higher than the electroweak scale, is the effective Lagrangian {C^jf) method. If the underlying 
extended theory under consideration only becomes important at a scale A, then it makes sense 
to expand the Lagrangian in powers of A~^ where the A'' term is the SM Lagrangian and the 
other terms are the effective Lagrangian terms. 

Simple dimensional arguments tell us that the operator which multiplies A"" must be of 
dimension n + 4. This restriction together with symmetry considerations implies that at each 
order in A~^ there are only a finite number of possible terms. Conversely, this implies that 
experimantal tests for the existence of specific terms in C^jf is a relatively model independent 
p9[ | way to search for new physics. 

Here we are interested in top quark physics which violates CP and so, in the effective La- 
grangian approach, the operators of interest are further restricted. For example, in Chapter]^ we 
discuss the top electric dipole moment (and related effects) which can arise from a dimension 5 
term in the effective Lagrangian: 

C^!}f oc ta^,j5tF^"' . (2.56) 
At dimension 6, photons can interact with the top quark via a CP-violating operator such as 

^S/ oc {ij,t) (F'^-F^,) , (2.57) 

which could arise, for instance, via a SUSY box diagram. 

Let us now consider as a specific example effective Lagrangian terms which would contribute 
to the process gg — > tt. It is useful to recall that in such an expansion, operators that are 
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proportional to the QCD equations of motion for the top or the gluon fields may be eliminated 
by a field redefinition and are therefore redundant |4£]. 



There are a number of requirements that an operator has to satisfy for it to be relevant to 
CP violation in top production in hadronic collisions. These are: 

1. It must violate CP. 

2. Its Feynman rules must include couplings to two or fewer gluons. 

3. It must not be proportional to of one of the on-shell gluons in the initial state. 

The need for the first requirement is clear. The second requirement is present since the events 
in question have two gluons in the initial state and no gluons in the final states. If one wanted 
to consider experiments where additional gluon jets were detected in the final state, clearly one 
would have to generalize this requirement. 

In constructing a basis of operators which satisfy the above conditions it can be shown that 



|5C] one can eliminate, without loss of generality, any operator which is equal to modulo the 
equations of motion. Equivalently, if the difference of two operators is modulo equations of 
motion, then only one need to be included. 

Here is a set of operators that we choose which satisfy the requirements mentioned above and 
are of dimension six or less 



Oa 


= t 


i[i/„(-n)i^n^M.75r t, 


Ob 


= t 






= t 


e^p,s[M-a)Ft^F^'] t, 


Od 


= t 




Oe 


= t 


e^p,s[fc{-n)FfF2'd''^]r t 



(2.58) 



where -F's are the gluon field strength tensor, □ = D^''D^, the analytic functions fa,. ■ ■ ,fe are 
form factors and T* = A*/2, A* being the Gell-Mann color matrices. Note, that in general, higher 
order terms in □ will imply the existence of couplings to additional numbers of gluons. 

As an illustration, let us consider further the operator Oa- This operator essentially corre- 
sponds to the Chromo-Electric Dipole Moment (CEDM) form factor. The experimental implica- 



tions of the static analog of this quantity were considered in |22]. We can expand the operator 
to obtain the Feynman rule. The vertex for the one gluon interaction is 



(2.59) 



here is the polarization vector of the gluon. This is completely analogous to the EDM form 
factor. However Oa now also gives rise to a two gluon coupling given for on-shell gluons by 



K{q^H^e^2u 



ha{q^) - ha{f)) 



{(12 ■ eig2/.eL - ^1 • 4(lit^Au) 



(2.60) 



where q = qi + q2- Note that the second term that appears is needed to maintain gauge invariance. 

An important feature of fa (as well as of the other form factors) is that the constant piece 
/a(0) must be real while, at q^ ^ 0, fa may have an imaginary part due to the possibility of 
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thresholds giving rise to absorptive pieces. Indeed these type of effects have also been considered 
in some particular extensions of the SM (see Chapter ^). 

The phenomenology of the static CEDM (i.e., for ~ 0) was considered extensively in [ p^ . 
It was shown that in a hadron collider with ~ 10^ ti pairs, both of which decay leptonically, a 
precision of about 5 x 10^^*^ ffs-cm for /a(0) could be achieved. We can extend this consideration 
with a simplifying assumption that fa is approximately constant above the ti threshold. We can 
then introduce the quantity /' = fa{'imf) — /a(0). With this assumption and approximation we 
find that, under ideal conditions, 5Re(/') and 3'm(/') can also be measured to a precision of about 
(2-3) X 10-20 g,-cm. 

The Weinberg model with an extended Higgs sector provides a specific example of non- 
standard physics where one can study this general feature of the operator analysis above. We 



recall that the source of CP violation now are the charged Higgs exchanges (see section 3.2.4) 



Since Oa is the only operator which gives a one gluon Feynman rule, the electromagnetic form 



factor calculated in ||l^ is the quantity fa except for the replacement of Qs with e, the electric 
charge. The result of that reference is that thus far QCD yields a limit around 5 x 10^^^ g^-cm. 
In that work it is also explicitly shown (see Chapter ^) that the q"^ dependence is rather mild. 
Furthermore, above threshold the 3'm(/a) was also shown to have roughly the same ball park 
value. Thus, studies at a hadron collider could exhibit CP-violating signals although admittedly 
the experimental challenges are formidable. 

Another useful way to characterize the amplitude for gg tt is to express it in terms of form 
factors. There are three possible color structures which such an amplitude can have. If A, B are 
the color indices of the gluon and i, j the indices of the t and t, these color structures are 

A = dAB^ij , 

D = d^^^T^j , (2.61) 
F = f^^^T,^. 

Let us define Pgi, Pg2 to be the momenta of the gluons and Pti, Pt2 to be the momenta of the 
t, i quarks respectively. Let us further define the variables 

S={Pgl+Pg2?, t={Pgl-Ptl)\ U = {Pgl - Pt2? 



z = {t-u)/{s-2mf) (2.62) 

Let El and E2 be the polarizations of the gluons in a gauge where Ei ■ P2 = E2 ■ Pi = 0. 

Here, we are interested in amplitudes which violate CP. These amplitudes must also be sym- 
metric under the interchange of the two gluons. The helicity amplitudes which satisfy these 
conditions are 

= fns,z^){Ei.E2){tjh)[D,A,Fz] 
«2 = fns,z'){e,,^pE>^E!^P^,P^,){tt)[D,A,Fz] 
al = zf,-{s,z^){e^,^,)E^E!^P,-iPf,{tt)[D,A,Fz] 
al = zf2is,z^)E'^E^{ia^,-fh)[D,A,Fz] 

al = f^{s,z'){e^,^pE>^EUPgi + Pg2r){tYt)[D,A,Fz] (2.63) 

where fi is a function of s and and the notation [D, A, Fz] means that the term may be 
multiplied by any of these color structures, the index n = 1, 2, 3 respectively depending on which 
of these color structures apply. 

As an explicit example, at tree-level, the CEDM operator discussed above will contribute to 
the amplitude of. 
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Figure 3: Feynman diagram describing the process e^e — > tt followed by the tt decays t — > 
bW+ bl+Ui and t bW M~9i,. 

2.6 Optimized observables 

Due to the exceedingly short hfe-time of the top quark, measurement of its couphngs requires 
considering top production and decay simultaneously. Consider, for example, the production and 
decay of tt in e+e" annihilation (see Fig. 

e+(p+) + e- ^ t{pt) + t{pt) , (2.64) 

with 

t{pt) ^b{p,) + W+{pw+) , (2.65) 

and 

i{Pt)^Hp-b) + W~{pw') ■ (2.66) 
Indeed each of the also decays leptonically or hadronically (i.e., into jets). Thus 

W^iPw+) ^ i^{Pe+) + MP.) , 

W-{pw-) ^ r{pe-) + ue{p,) , (2.67) 



^ ji{Pn) + j2{Pj,) 



This allows one to construct a multitude of observables, involving momenta of the initial beam 
and various decay products, to probe the presence of anomalous vertices in the top interactions. 
The case of the CP violating dipole moment interactions is especially interesting to this work. 
Such anomalous terms could occur at the tt'j, ttZ or ttg vertices corresponding to electric, weak 
or chromo-electric dipole moment of the top quark. Of experimental interest are the values of 
the corresponding form factors at q'^ = s, the square of the cm. energy rather than the moments 
(g^ = 0) themselves. It is possible, therefore, that the form factor is complex. The real and 
imaginary parts can thus lead to distinct experimental effects. 

Two examples of simple (or "naive") observables that can be used to probe the presence of 
imaginary part of the dipole moment form factor are 

{Eb) - {El) 
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Examples of simple (or "naive" ) observables that probe the presence of the real part of the dipole 
moment form factor are 



{Pe+ ■ Pi-Pb- PhY/"^ ' 
{p'I+pI- -P^+pI-) sgn -P}-) 



(2.70) 



(2.71) 



The ability to polarize the electron beams at a future e^e^ collider (e.g., the NLC) allows us to 
construct additional observables involving beam polarization. Clearly, while many observables 
can be constructed to probe the dipole moment, we may ask whether it is possible to construct an 
"optimal observable" i.e., one which will be the most sensitive or will have the largest "resolving 
power". A general procedure for constructing an optimal observable was given in [||]. Here we 
will briefly review the method. 

Let us write the differential cross-section as a sum of two terms 



(2.72) 



where A is a parameter (e.g., dipole moment or magnetic moment form factor) and (f) is some 
phase-space variable (including angular and polarization variables). 

For an ideal detector that accurately records the value of (j) for each event that occurs, any 
method for determining the value of A amounts to weighting the events with a phase-space- 
dependent function f{(j)) which we assume is CP-odd. Let us define 



(2.73) 



/«(A) = j f{ct>m(t>)d<t^ ■ 
Thus the change due to the contribution from the presence of A is 

/«(A) = \j f{cP)^i{<P)d<p ^ A/«(A = 1) . (2.74) 

/^^)(A) then has to be compared to the error in its measurement. If n events are recorded, the 
error is 



A/ 



/(^V-(/«(A))^ 



1/2 



/(2) 



1/2 



where 



(2.75) 



(2.76) 



is the total cross-section and 



f{2) ^ I f2j.^^ ^ I f2j.^^^ (2.77) 

Note that f^'^\X) oc A but J^^-* and a do not depend on A to first order; we will assume that 

A is sufficiently small so that the above approximation is valid as well as /^^V >> (^/^^H-^)) ■ 
We now introduce the "resolving power" , R, which measures the effectiveness of an operator for 
determining A. For the function /, R is defined as 



R 



{f^'Kx))" (/a)(i))^ 



na2A2 (A/)2 



(2.78) 
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The statistical significance S, with which the presence of a nonzero value of A may be ascertained, 
is given by 



S 



aAf 



XVnR 



(2.79) 



Thus the larger R is the more effective /{(p) is for measuring A. Clearly one would like to choose 
a function f{(p) to determine A for which R is maximal. 

A special case of such observables are asymmetries, which are observables where f{(f)) = ±1. 
For such observables /^^^ = a so (see Eq. 2.78 ), 

R=if<'\l)f/a' = {ff/X\ 
In this case it is conventional to denote for an asymmetry / 



so that Eq. 2.7£ becomes 



S = \af\\/n . 



(2.80) 
(2.81) 
(2.82) 



Thus the quantity Avi? is the natural generalization of \af\ for more general observables among 
which we would like to find the optimal one, i.e., that which maximizes the value of R and 
therefore also the statistical significance with which it can be measured. 

In order to define such an optimal function (i.e., /opt) it is useful to decompose an arbitrary 
function / as [p^: 



^0 



where A is defined as 



A 



y2 
■I So" 



(2.83) 



(2.84) 



Since rescaling / does not change the value of R we can take A = 1. If we now expand the 
definition of R to lowest order in A and use the above decomposition we get 



aR 



(2.85) 



/ = 0. Thus, from Eq. 2.83 



Since the two terms in the denominator are each positive it is clear that R is maximal when 

(2.86) 



/ = /< 



opt 



Si 
So 



maximizes R. 

Another way to understand this derivation of /opt is to introduce the concept of a vector space 
as the set of all functions on which we define the scalar product 



91 • 92 



5i(0)52(0)So((/')# 



(2.87) 



where gi^2 are functions of (p. If we denote /o = Si/Sq then in this notation Eq. 2.85| may be 
rewritten as 
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aR=if- hf/f ■ f . (2.88) 

Thus R is maximized when / = /o = /opt- 

Let us first illustrate these consideration with a toy example. Consider a 2 — > 2 scattering 
process where the differential cross-section takes the form 

^ = A + B^ + Ce, (2.89) 
«? 

where ^ = cos 9 and B,C < A. According to the preceding discussion, the function most sensitive 
to BisfB = Thus explicitly we find a = 2^ + |C, f^j^^ = §5, f^^^ = |^ + |C. Using Eq. |2]7|, 
the resolving power for the optimum choice {/b = ^) is 



1 [f\B(,^dC]'^ 1 1 

Suppose we consider measuring B via another function, which has the same symmetry properties 
as /b and is defined as: 

Then one gets g^j^^ = B, g^^^ = 2A + |C, so that R{gB) = \ -jj^ which is not as good as R{fB)- 
Generalizations 

This simple method outlined above for an optimized observable has been widely used and a 
useful generalization has been proposed by Gunion, Grzadkowski and He ||5l|| . 

In general, we will assume that the differential cross-section can be expressed as 

m^^ = J2<^^m ^ (2-92) 

where q are model-dependent coefficients and fi{(j)) are known functions of the final state phase- 
space variable(s), (j). Thus, Cj may be couplings; some or all of which one is trying to extract 
from experimental data. So, in analogy, with the discussion above, the task is to find an optimal 
choice for the functions fi{(j)) such that, with a fixed set of data, Cj can be deduced with maximal 
statistical precision. 

The coefficients Cj can be extracted by using the appropriate weighting functions Wi{(j)) such 
that / Wi{(j))Tj{(l))d(j) = Ci. As in the special example of the electric dipole moment discussed 
above, in general, there are an infinite number of choices for Wi{(l)) that satisfy this condition 
which is equivalent to 

'' w^{c^)fj{cp)dcp = 5^j . (2.93) 

It can be shown that minimizing the statistical error is equivalent to finding the stationary 
point of / WiWjTj{(f))d(f). In other words, solving 



5 j Wi{(j))wj{(l))J:{(l))d(l) = , (2.94) 
subject to the condition in Eq. p. 93 . The solution to this condition is 



w^- ^^^^ , i^.ybj 



26 



where Xy = ^ and 



M., . / . (2.96) 



The desired coefficients, Cj, are then given by 



c, = J2 ^^kh = E ^ik^k , (2.97) 
k k 



where 



k 



J fk{^)d^ . (2.98) 



It follows that with this method of determining Cj, the covariance matrix is 

Vij = (AciAcj) = MTj^ar/N , (2.99) 

where ax is the total cross-section and N = L(,ffaT is the total number of events, with L(,ff 
being the effective luminosity, i.e., luminosity times the efficiencies. 

It is important to note that since the entire method has to be implemented numerically 
utilizing experimental data, experimental cuts and efficiencies can be incorporated. Indeed the 
method has the additional virtue that, due to its generality, it can be applied to only a subset (p 
of the kinematic variables that can be determined if some (say (p) among the total of (f) cannot 
be determined. Situations such as this can occur due to experimental limitations. For example, 
in the case of the important reaction e^e~ —>■ ttH^, = neutral Higgs, to fully define a point 
in phase-space one must be able to identify the momenta of the t and the i and have no more 
than one invisible particle. This requires the use of those final states in which one top decays 
leptonically and the other hadronically so that the t and i are reconstructible. If this can be 
done, then this case corresponds to all the kinematic variables (p being determined. 

On the other hand, for those events in which the t, i both decay purely hadronically or both 
decay leptonically then the situation corresponds to only a part ((/>) of the kinematic variables 
being determined. The technique for optimization can then be applied by using the subset of 
variables, (p, that can be observed. The functions to be used can now be defined as 

fm ^ J m)d4> ■ (2.100) 

Then the entire procedure above can be used in conjunction with these functions /. In fact, the 
method should work even if one or more of / are zero. For example, for the reaction e"^e~ ttH^, 
if experimentally one is unable to distinguish t and t then the fk{(p) that is a CP-odd function of 
the variables cp reduces to fk = 0. 

The simple method, first suggested in [|^, for extracting the dipole moment of the top quark 
has been extensively applied with appropriate modifications to deduce e.g., dipole moments of 
fS^ T (from Z T^T^), for determination of the three gauge-boson couplings in e~^e~ — > 
W^W~ [p3|, CP-violating phase(s) in b decays |54| as well as in ttH^ production p5|. Many of 



these studies explicitly showed that optimized observables can be very effective, often yielding 
improvements over the "naive" operators by as much as an order of magnitude. 



The generalization discussed in [51| was originally used specifically to study the reaction 
e~^e~ ttH^. It demonstrated extraction of the ttH^ and ZZH^ coupling a, b, and c from the 
interaction terms: 



ttH^ : t{a + ib'y5)t , (2.101) 
Z^Z.^O : cg^, , (2.102) 
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respectively. An important consequence in this application is that the CP nature of a Higgs 
particle, i.e., whether it is CP-odd or CP-even, may well be deducible from studies of some 
momenta correlations in e^e~ ttH^. 

We will discuss in greater detail the applications of this method, i.e., optimization of observ- 
ables, to the top dipole moments (see sections |6.1.1 , [7.2.1 and S.1.4|) and to e~^e~ — > tiH^ (see 
section in this review. 



2.7 The naked top 

The large mass of the top quark makes it significantly different from all the other quarks in many 
important ways. Since mt ~ 174 GeV the top readily undergoes two-body weak decays 

t^b + W, (2.103) 

with r ~ 1 GeV. The top life-time, T^^ ~ 1 GeV^^, is therefore much shorter than the "strong 
interaction time scale" ~ 1/Aqcd ~ 10 GeV~^. As a result, the top quark, in complete contrast 
to all the other quarks, cannot appear in traditional bound states [^]. Studies of this "naked 
top" are therefore not masked by the difficult non-perturbative effects of the so-called "brown 
muck" . Thus we should think of the top-quark as an elementary fermion; we can, for instance, 
try to study its anomalous magnetic moment, i.e., {g — 2)top and even more importantly its 
electric dipole moment |16, 17, O]. The magnetic moment receives a large contribution from 



QCD and other SM interactions but the electric dipole moment is CP-violating and cannot arise 
at least to 2- loop order in the SM |Q and so is expected to be extremely small (<< 10"^'' e-cm). 
Non-standard sources of CP violation can cause this to be significantly bigger to the point that 
it may well be measurable. 

Now, generically, the electric dipole moment and its generalization to other gauge fields (i.e., 
the corresponding weak and chromo-electric dipole moments) is an interaction of the type at ■ E, 
i.e., the top spin with an external gauge field (photon, Z or gluon). Therefore, determination of 
the dipole moment understandably involves tracking the top spin. Fortunately this is possible 
for the top quark, just because it does not bind, even though it is notoriously difficult to track 
the spin of b or the other quarks. As we shall see spin tracking provides an extremely important 
tool for studying all aspects of CP violation in the top system, not just for probing its electric 
dipole moment. 

2.8 Elements of top polarimetry 

Decays of the top quark are very effective analyzers of its spin. It is indeed useful to introduce 
the notion of the "analyzing power" of a decay. The analyzing power (e^) measures the degree 
to which the momentum of a decay product (A) , in the reaction t ^ A + anything, is correlated 
with the top spin. For an angular distribution given by 



dr 



dcos I 



: a (l + e^"^ cos 61a) , (2.104) 



we can define in terms of the expectation value of cos 9a 

ef = 2,{cos9a) , (2.105) 
where 9a is the angle between pA and the spin of the top {St) in the top rest frame. Using the 



optimal observable introduced in section 2.6, it should be clear that with a distribution such as 
m Eq. p.l04| , the best way to determine the polarization of the top is to experimentally measure 
(cos 9 a)- 

Using this method, it follows that the number of top decays that needs to be observed to 
determine the top polarization to within 1-cj is given by 
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ivf = — ^ o , (2.106) 

where 11^ is the polarization of the top quark, 

N{}) being the number of top quarks with spins along the positive z axis. Here are three concrete 
handles on the top spin: 

1. Leptonic decays t — > M'^i'i are the best analyzers, i.e., = 1 for the correlation between 
P£ and n^. Consider the decay chain t hW~^ — > be^Uf.. In the limit that the h quark is 
massless, the V-A nature of the weak interaction forces all the particles in the final state 
to be left-handed. Thus the amplitude for the top-quark decay is proportional to factors of 
fermion spins times [p2|: 



[^67^(1 - 75)nt] K7'^(l - 75K] . (2.108) 
On Fierz transformation this becomes 

^[^fe(l + 75)<][^;e(l-75)H , (2.109) 

where u'^ = CvT" , C being the charge conjugate matrix. This implies that, in the rest frame 
of the top quark, the top spin is in the direction of the positron three-momentum. This 
statement is true in the same sense that in the decay r~ — > TT~i'r the r is polarized in the 
direction of the vr momentum. Thus, for a top fully polarized in the z-direction, the angular 
distribution of the positron is oc (1 + cos 6*6), hence ef = 1. 

2. For hadronic decays of the W, if the momentum of the W can be determined, then it is 
easy to see that 

= ~ ^"^f 0.4 . (2.110) 

This reflects the fact that the T^- momentum is an imprecise indicator of the d type jet in 
the decay — > du. Here the d jet plays the same role as the e"*" in the previous case. 

3. From the above two points, it should be clear that we can increase e from 0.4 to 1 if we 
can identify the d-type jet, which plays the role of the e^. Since this jet is one of the two 
that reconstructs to the W in method 2 we are approximating it with the VF-momentum. 
In the limit that rrit is much greater than mw, the two quark jets would coincide with the 
VF-momentum and ej^ — > 1; however, with the given top mass, the result is far from this 
limit. 

In some cases one could determine which jet was the d-type one by detailed examination 
of the decay products. This may be feasible for the case of a 6-jet. However, 6-jets are 
highly suppressed in W decay so we will not consider this possibility further. Probably 
such methods will not offer significant improvements over the above. 

On the other hand, we have not exploited the full information available in the kinematics 
of the decay. It was suggested in that the energy distribution of the two jets could give 
additional information concerning which is the desired d-jet. In particular, in — > du, the 
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d-jet is on the average lessQ energetic than the ti-jet: and so, if we take the polarization to be 
in the direction of the less energetic of these two jets, one would expect some improvement. 
Indeed, in this case we obtain 



low energy jet 



0.5 . (2.111) 



Further, if one uses the optimization methods discussed in section 2^ but restricts the ex- 
perimentally available information to quantities which are symmetric under the interchange 
of the two jets, then one can improve this further 



e"P ~ 0.63 , (2.112) 

which represents the best result that can be obtained without knowing the identities of the 
two VF-jets. 



2 



In passing we wish to mention that while we find the d-jet to be on average less energetic then the w-jet, Ref. 
found it to be the other way around. 
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3 Models of CP violation 



In this chapter we describe the key features of CP violation in the SM and in some popular models 
beyond the SM such as MHDM's (Multi-Higgs Doublet-Models) and SUSY models. In doing so, 
we emphasize the relevance of the new CP-violating phases that appear in these models, to top 
quark physics. 



3.1 CP violation and the Standard Model 

In the SM, CP violation emanates from a CP-odd phase in the CKM matrix [Q| which influences 
directly only the quark sector |55]. In this section we will briefly describe the properties of this 
flavor mixing CKM matrix. 



3.1.1 General remarks 

The ElectroWeak (EW) Lagrangian of the SM can be symbolically written in the form (for 
notation, see e.g., [^]): 

£ = £(/, G) + £(/, H) + H) + + V{H) , (3.1) 

where: /=fermions (quarks, leptons) , 
G=gauge-bosons (W and B) , 
H=th.e Higgs doublet. 

The Lagrangian in Eq. |3.1| is constructed so that it is invariant under the local (space time 
dependent) symmetry group SU(2)i x C/(l)y. 

The purpose of this section in not to review the structure of this Lagrangian but rather to 
explore the salient features of its CP-violating part. We will therefore present a self-contained 
discussion only of its CP-nonconserving pieces. 

All CP violation in the SM originates from the term £(/, H). The hadronic part of this term 
is given by 



J,' 

where we introduced the multiplets of the quark weak eigenstates 



'j;,''),qjB,qjR^ j = l,2,...,Ar, (3.3) 



and 



1 +75 1 -75 A\ 

qR = ^ q , qi = ^ q ■ (3.4) 

Also, j,k are family indices, A^ denotes the number of families and Y^^,Y^^ are the Yukawa 
couplings, which are arbitrary complex numbers. In our discussion we will consider A^ = 3 corre- 
sponding to the SM with the three known families of fermions. This Lagrangian has no fermion 
mass term; fermion masses must therefore be induced by Spontaneous Symmetry Breaking (SSB) 
of the SU (2) X U (1) symmetry of the scalar potential term V{H). In the broken state, the scalar 
doublet assumes a Vacuum Expectation Value (VEV) and thus one obtains the mass terms M" 
and M'^ of the charge 2/3 and charge —1/3 quarks, respectively, for the weak eigenstates of the 
S\]{2)l X U{1)y gauge theory (i.e., qiRMf^qjL and q'^^Mf^q'-i). These quark mass matrices are 
related to the Yukawa couplings via 
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M- = ^Yi;, Mf^ = ^Yf^, (3.5) 



where v is the VEV of the Higgs doublet. In general the mass matrices Af^'" are not hermitian, 
and each one depends on 9 complex unknown parameters. Since an arbitrary matrix M can be 
written as M = Hu, with H hermitian and u unitary, there exists a field redefinition such that 
M" and are hermitian, i.e., that M" = M^^ and = M'^'^ |^^. A unitary transformation 
on the u and d quark fields gives the physical basis where the mass matrices are diagonal 



uI^M'^Ul = diag(m„,m„mt) , (3.6) 
d\^M'^Dl = diag(mrf,m„mb) , (3.7) 

where Ur, Ul, Dr and Dl are unitary matrices that relate the weak eigenstates to the physical 
eigenstates. It is worth mentioning already at this point that all CP violation in the SM emanates 
from the apparent mismatch between the gauge and mass (physical) eigenstates of the quark fields. 

For the physical states thus defined, there is no longer an exact SU{2) identity between the 
left handed d and u quarks (since they are no longer the gauge eigenstates). To see this, write 
the Lagrangian in terms of the physical fields and drop the numerical factors and the coupling 
constants. Thus one is left with the CP-violating charge current terms 



Xc = W^J^ + h.c. , (3.8) 
where is the charged, spin 1, SU(2) vector-boson and 

J!^ = {u,c,i)Lrv{^^ . (3.9) 

Here u, c, t, d, s and b are the quark mass eigenstates. The 3x3 unitary matrix V will therefore 
be the product of the unitary diagonalizing matrices since 

Vcd Vcs Vcb . (3.10) 
Vtd Vs Vtb J 

Expressing the fermions in this basis, the term Xc is the one where all the CP violation in the 
SM resides. We will therefore consider the properties of V in some detail. 

CP conservation requires the matrix V to be real up to a trivial rephasing of the quark fields. 
In general, for 3 families of quarks it can be specified by 18 complex parameters of a general 3x3 
unitary matrix. However, 9 of these 18 parameters are eliminated by the unitarity constraints 
V^i^Vkj = Sij, therefore we are left with only 9 free parameters. Moreover, there is a freedom to 



absorb 5 phases into 5 out of the 6 left handed fields [GJI 



qi ^ e^'^'^^^L ■ (3.11) 

Thus 5 more degrees of freedom can be removed. Therefore, one is left with only 4 physically 
independent parameters upon which V depends. These four can then be parameterized in terms 
of three Euler-type rotation angles and one CP-violating phase. Note that these four angles 
cannot be predicted within the SM and have to be deduced from experiment (see below). 
In the parameterization that is called "standard" |11|: 



C12C13 S12C13 si3e"*''i3 

VcKM = I -S12C23 - Ci2S23Si3e*''i^ C12C23 - Sl2S23Sl3e*'''^ S23C13 | • (3-12) 
S12S23 - Ci2C23Sl3e*'''^ -C12S23 - Sl2C23Sl3e*''" C23C13 
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where, as usual, = cos 9ij, Sij = smBij; the indices 1, 2, 3 are "generation" labels and 613 is 
the phase. 

With the advent of the 6-quark lifetime measurements in 1983 [^2|, Wolfenstein made the 
important observation that the magnitude of the CKM elements exhibit a specific hierarchical 
structure. The parameterization proposed by Wolfenstein uses the Cabibbo angle, S12, as an 
expansion parameter making this hierarchy manifest by rewriting the matrix in terms of the 4 
parameters, A, A, p and rj. These are defined as 

S12 = A, S23 = AX\ 5136-^^" = AX\p - ir,) . 
We then arrive at the Wolfenstein representation for the 3x3 matrix |6^, |65| : 



Wolf 



-A + 



1 



A A\-'(p-ir,) 
:(l-2p)-.A^A=, l_4-Al(l+4) AA^ |+C'(A'^) 



(3.13) 



For most purposes, a simpler form, with truncation to order A^ suffices [63|: 



/ 



Wolf 



1 - ^ 
^ 2 



\AX^{1 



ir]) 



^ 2 

-AX^ 



AX^{p — irj) 

AX^ I + 0(A4^ 



(3.14) 



Notice that the matrix is diagonal to a good approximation. This is due to the fact that the 
couplings between quarks of the same family are close to unity and the off-diagonal elements 
become smaller as the separation between the families gets larger. Note that all CP violation in 
the CKM matrix is proportional to tj since this parameter gives a complex phase to the CKM 
matrix, in particular to Vub and Vtd, in the above parameterization. 

3.1.2 The Jarlskog invariant 

There is a unique invariant way to parameterize CP nonconservation which emerges from the 



mixing matrix V in Eq. 3.10. That is, to introduce one invariant quantity as considered in 



|6C, 66 1, which will be independent of any phase convention of the quark fields and will enter in 
every CP-violating effect in the SM. 



It was shown in |66] that in order to obtain CP nonconservation in the SM, 14 conditions 
must be satisfied. These conditions can be expressed as the equation 

detC = -2F"F'^J / , (3.15) 
where C is the commutator of the mass matrices of the up and down quarks defined by 

M",M'^1 =iC . (3.16) 



Also, and F'^ are given by 



ml) {mf - ml) {ml - ml) , 



{ml - ml){ml - m^)(m^ - mj) 



(3.17) 
(3.18) 



and J, which is sometimes referred to as the Jarlskog invariant, is defined through [60, 36 1: 



1,1 



(3.19) 
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Here the indices 7 and I are independently summed over while the other indices are not summed; 
Greek, Latin indices stand for up, down-quarks, respectively. The parameter J is independent of 
the phase convention and, most importantly, it enters in any CP-violating effect within the SM. 
In the "standard" parameterization (i.e., Eq. 3.12| ), J is given by 



J = Sl2'Sl3S23Cl2Cl3C23'S5i3 • (3.20) 



From Eqs. |3l5H33o| the 14 condit ions for obtaining CP violation in the SM can be recovered. In 
particular, no two quarks with the same charge are degenerate (since that will make or F'^ 
go to zero). Also, none of the rotation angles (i.e., 612, 6*13, 6*23) and the phase 813 are allowed to 
be or TT (this condition assures that J 7^ 0). 

One can use the invariant parameterization of the angles of the mixing matrix V to fur- 
ther examine the structure of CP violation in the SM by introducing the "unitarity triangles" 



(sometimes called "CP violation triangles") [67|. To do so, define 



di = V2iF3* , Ci = V^iV*3 , /, = ViiV^*, , (3.21) 

where i = 1 — 3. The unitarity of V (i.e., = ^ ^or Xi = ai,bi,Ci,di,ei or fi) implies that 

each set of the three vectors Xi in the complex plane defines a triangle. Note that often the name 
"unitarity triangle" refers only to the triangle resulting from J2^i — ^ (see below). All these 6 



triangles have an equal area = J/2. It is shown in |66] that the square of this area can be 



expressed in terms of only 4 independent moduli of the elements of V as 

Sa = X^^Hx,y,z) , (3.22) 
where A(x^, y^, z^) = [x^ — {y — z)'^][x^ — {y + -2)^]- Here x, y, z can have two sets of values 

I) x = \Vaj\\Vak\ , y = |Vaj||Vafe| , z = \V^j\\V^k\ , 

II) X = \Val\\Vi3i\ , y = \Vaj\\Vf3j\ , Z = \Vc,k\\V(3k\ ■ (3-23) 

For set I a 7^ /? 7^ 7 and j 7^ k, while for set II a 7^ /? and j ^ k ^ I. Therefore, one can 
compute the angles of the unitarity triangles, up to an overall sign, in terms of only 4 moduli 
of the elements of V (note that in Eq. p. 23 only 4 independent moduli enter x, y, z for any of 



the allowed values of a, (3,^,i, In other words, the existence of CP violation or equivalently 
7^ 0, may be inferred in the SM with three generations if the three sides of a unitarity triangle 
can form a triangle with non-zero area. The moduli that enter into Eq. 3.23| may be obtained 



from purely CP-conserving observations. However, an experimental measurement of CP violation 
is needed to fix the sign of J. 

An example of such a unitary triangle is the one commonly used in B physics studies 



65], which is constructed out of the three vectors 61,62 and 63 in Eq. 3.21 corresponding to 



Kid^Jfe) ^cdVcb ^"^^ ^tdVtbi respectively, which we will discuss below. 
3.1.3 Experimental constraints 

Let us now briefly summarize the experimental constraints on the elements of the 3x3 CKM 
matrix. The best determined is \ Vus\ = A ~ S12, i.e., the sine of the Cabibbo angle. It has been 
determined from K decays, e.g., K'^ — > tt^I'^v^ and from hyperon decays, e.g., A — > pe~i'e- In 
addition, it is determined from a study of charm production via neutrino beams as well as from 
decays of charm to non-strange flnal states, albeit with much less precision. The average of the 



two determinations gives [64] 
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\Vus\ = A = 0.2205 ± 0.0018 . (3.24) 
The next best determined element is \ Vcb\ and, through it, the Wolfenstein parameter A via 

\Vcb\=AX^. (3.25) 

\Vcb\ is deduced using semi-leptonic B decays to inclusive and exclusive final states, both at LEP 
and at CLEO. The error in its determination is dominated by theory. In recent years, heavy 
quark symmetry and heavy quark effective theory [p8| , have had a significant impact in reducing 



the model dependence. The average of various techniques now gives |64|] : 



\Vcb\ = 0.0397 ± 0.0020 , (3.26) 

thus 

^ = 0.81 ±0.04. (3.27) 

The other two parameters, p and r], are poorly known. Considerable theoretical and experimental 
effort is being directed to improve their determinations. B physics experiments at e~^e~ based 
S-factories as well as other facilities will surely improve our knowledge of p, and rj. Indeed this 
will be the focus of intense theoretical and experimental activity in the near future in providing 
precision tests of the SM. 

In the context of decays of the b quark, it is very useful to consider the unitarity triangle 
which involves the b <^ d elements 

v:dVub + v:,v,b + v:,vtb = o . (3.28) 



Using the parameterization in Eq. 3.14, and neglecting contributions of 0{X'^) we can write 



^udVub 

V:dVcb 



ir]) 



^A^(l -p + ifj) 



Here we have used the parameterization introduced in [^] 



(3.29) 
(3.30) 
(3.31) 



(3.32) 



Factoring out the common quantity AX? , the three elements in Eqs. 3.29| - 3.31 can be given a 
geometrical representation in the (/?, ?y) plane of a triangle with apexes at A{p,vi), i?(l,0) and 
C7(0,0) (see Fig. |). 

Referring to that figure we have 



The angles a, /?, 7 of this triangle (see Fig. Q for their definition) provide a basis for testing the 
SM especially with regard to its description of CP violation phenomena and CKM unitarity. In 
particular, unitarity implies that a + /? + 7 = 180°. 
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A=(p,r|) 




C=(0,0) B=(1,0) 

Figure 4: Unitarity triangle in the complex (p, fj) plane. 



Let us now briefly mention the key experimental and theoretical ingredients that enter to 
provide the current bounds on p, f] or alternatively on a, (3. 

The evidence for CP violation from the — system through the indirect CP violation 
parameter, e^, plays a crucial role in constraining fj and p via [^] 



, I _ GlflniKml^ 2x6- 



- —)S{Xc 



+A^X\l-p-{p'' + t)\'')r^2S{xt) 

+ri^S{xc,xt)] . (3.34) 

The r/j represent QCD corrections, evaluated to Next-to-Leading Order (NLO), the S's are func- 
tions of Xq = fx is the Kaon decay constant and Bx is the so called "bag" parameter. 
Perhaps the best determination of comes from lattice calculations^ [|^] 

Bk ^ 0.9 ±0.1 . (3.35) 



Using the experimental value of |ej^| along with Gp, mw, fnt, Bk etc. in Eq. |3.34 leads to an 
allowed range for p, fj as shown in Fig. ^. 

Vtd and therefore p, f] also enter intimately in controlling Anid, i.e., the mass difference 
between the two mass eigenstates of the — B'^ system. Thus 

Ama = ^^LA^X^l - pf + f]mBjlBB,r^BXtF{xt) . (3.36) 



Here F{xt) is calculated perturbatively and is given to leading order in ||70|]. rjs, fsa ^-ii^l Bb^ 



have the same meaning as their values for the K system, as in Eq. 3.34. Once again /b^, Bb^ need 
to be calculated non-perturbatively and lattice QCD provides perhaps their best determination. 
The results from existing lattice calculations are best summarized as |]6^ , |69| ]: 

= 165 ± 20 ± 30 MeV , (3.37) 

and 

^£,^(2 GeV) = l.Oib .lOib .15 . (3.38) 



■^The value given here is the renormalization - group - invariant - Bk often denoted as Bk- 
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Figure 5: The allowed regions for the SM parameters p and f) are shown. The solid, curves show 
the 68% and 95% confidence regions. The 1-a bound originating from neutral Ki decays is shown 
by the dashed curves. The 1-a bound originating from the rate ofb^c transitions is shown with 
the dot-dashed curve and the 1-a bound originating from — oscillations is shown with the 
dotted curve. 
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Using the experimental value of Am^ in conjunction with mt, Gp, fB^V^Ba ^tc. in Eq. 3.36| , we 
can represent the allowed range on the p, f) plane in the form of a hyperbola (see Fig. |5|). 

A non-trivial test of the CKM paradigm is obtained by examining simultaneously the allowed 
range of p^f] through a determination of \Vub\ from semi-leptonic charmless i?-decays. In this 



regard various techniques are used to deduce 



from exclusive and inclusive semi-leptonic 



decays. For now the uncertainties in the theoretical models of these transitions is quite substantial 



giving IllJ, |6|]: 



.08 ± .02 



pA _|_ 



.35 ± .09 . 



This compendium of experimental and theoretical information on ex, and h 

to obtain the best fitted values |64]: 



p = -loiii > V - ---.09 

The corresponding 68% and 95% CL contours are shown in Fig. ^. 

In the future, the measurement of Bg — Bg oscillations will provide an extremely important 
test of the SM. The point is that the ratio of the mass differences 



.33: 



.06 



(3.39) 

ulv is used 

(3.40) 



Arus ruB, /b Bb, Vb^ iVts] 



(3.41) 



will involve significantly less uncertainty due to hadronic matrix elements (i.e., f^B). Aside from 
the CKM elements, the most uncertain factor on the rhs of Eq. 3.41 is 



rsd 



(3.42) 



However, theoretical uncertainties in extracting \Vtd\ from r^^ are expected to become smaller 
1 71] in comparison to the errors in extracting \ Vtd\ from Am^ alone. 

The experiments at LEP have already made significant progress in studying Bs — Bs oscilla- 



tions. A combined analysis of ALEPH, DELPHI and OPAL leads to |6|, 

Arris > 8.0 ps~^ at 95% CL . 



(3.43) 



Incorporating this along with e^, Am^i and b ulv, into the /?, r] constraints one finds E 



P = .ir 



.13 
.25 ' 



.33 ± .06 . 



(3.44) 



Comparing this with Eq. 3.4C we see that the LEP bound on Arrig is already reducing the negative 
error on p appreciably |]64| . Further slight changes (see the update of Buras in j^) result from 
improvement, obtained by combining LEP/SLD/DO data, of the limit on Arris to read: 



Arris > 12.4ps 



-1 



at 



CL , 



and from the small increase of |lnfe|/|^cb| to [73]: 



\Vub\/\Vcb\ 

Translated to /? and 7 (see Fig. ^ yields: 



0.091 ±0.016 . 



(3.45) 



(3.46) 



sin2/? = 0.71 ± 0.13 , sin 7 = 0.83 ± 0.17 . (3.47) 
The above value of sin 2/3 is consistent with the recent CDF result H, |7|] sin 2/3 = 0.79lo;42. 



38 



3.2 Multi-Higgs doublet models 

In the SM the interaction of the only neutral Higgs-boson with fermions is automatically P and 
C conserving as well as flavor conserving. This property is not valid in general in models beyond 
the SM. In this section we consider extensions to the SM involving the addition of extra Higgs 
doublets. 

CP-violating effects in such models can originate in the scalar sector and be manifested in the 
physics of fermions, particularly the top quark. For such an effect to occur, two or more complex 



SU(2) doublets of Higgs fields are required; this was first pointed out by Lee [75|. However, the 
mere presence of more than one doublet does not guarantee CP violation in the Higgs sector. 
For instance, a CP-violating phase in the case of models with two Higgs doublets (2HDM) can 
be rotated out of the Higgs sector entirely if one imposes various discrete symmetries as will be 
discussed below. But if such phase(s) cannot be rotated away, this approach leads to CP violation 
from neutral Higgs-boson interactions, from charged Higgs-boson interactions, and perhaps in 
addition from the presence of a non- vanishing phase in the CKM matrix. In all cases, the various 
types of CP violation are presumably related at a fundamental level to CP violation in the Higgs 
potential, but because of our ignorance of the Higgs sector, in practice the parameters of each 
type of interaction are independent and should be separately measured. 

Another general feature of CP violation in an extended Higgs sector is that larger effects are 
expected in heavier quarks systems (compared to the usual SM approach), because Higgs-boson 
couplings to fermions are proportional to the fermions masses. This makes the top quark system 
an especially good testing ground for such phenomena. 

CP violation in the Higgs sector can arise in models where the Higgs potential may contain 
complex couplings. This might lead directly to a CP-violating interaction or to complex VEV's 
of the Higgs fields which can induce CP-violating effects. In addition, as we shall see in some 
examples below, it is also possible that a real potential can lead to a ground state with a complex 
VEV, in which case CP is broken spontaneously. In any case, there are generally a large number 
of parameters in these models so that considerable experimental effort will eventually be required 
to determine them all. In particular, it is important to consider which predictions of such models 
differ from the SM, so that might lead to early signs that extra scalar fields are present. CP 
violation in top physics is especially useful since the SM contributions to CP violation in top 
quark reactions are negligible and the mass dependent coupling of the Higgs means that top 
quark physics is very sensitive to such effects. 

It is convenient to classify CP symmetry-breaking in the scalar sector into three different cate- 
gories: hard (intrinsic), soft and spontaneous. Hard or intrinsic CP violation refers to symmetry- 
breaking terms with dimension four, for example, terms in the Lagrangian with complex Yukawa 
coupling constants, or with self-coupling of scalar fields. Soft breaking is associated with terms 
in the Lagrangian with canonical dimension less than four. If the Lagrangian starting from the 
outset is CP invariant, CP violation can still be achieved by introducing complex phases from 
the VEV's of the scalar fields (i.e., spontaneous CP violation). 

In the following we will consider simple versions of 2HDM and Three Higgs Doublets Model 
(3HDM) in which CP violation is manifested in the interactions of neutral and charged Higgs 
particles with fermions. 

3.2.1 Two Higgs doublet models 

We start with a description of the most general 2HDM. The Higgs potential for such a 2HDM is 
given by |76|: 



V{<P) = -/i?^>|$i - ^^^>^$2 - (m?2^i^2 + h.c.) 

+ Ai(^«>i)2 + A2($^2^2)^ + X3i<^\<^M<^2) + A4($l$2)(4^l) 
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(3.48) 

where $i (i = 1, 2) are Higgs fields such that 

*.=(!)■ 

The scalar spectrum of a 2HDM consists of three neutral and two charged Higgs-bosons which 
we will denote by H'' {k = 1, 2, 3) and H^, respectively. 

The important parameters in V{^) that may drive CP violation in the Higgs sector are: 
A5, iJ,i2, Ag and A7. It is the different choices of these parameters that will determine which type 
of mechanism is generating CP violation in the 2HDM. 

It should be noted that without the complex VEV's of the two doublets (or only one of them 
that can generate spontaneous CP violation), one needs at least two terms out of A5, /nf2, Ae 



and A7 to be non-zero in the Higgs potential (see Eq. 3.48) in order to have CP nonconservation 
in the model. That is, if there is only one complex coefficient in the Higgs potential prior to SSB, 
then SSB leads via the minimization condition, dV/d<j3\(j,=Q = 0, to certain relations among the 
parameters of the Higgs potential which, in turn, forces the single complex coefficient to have 
a zero imaginary part if the VEV's are real. As an example, assuming that Ag = A7 = and 



only fj,i2 is complex in Eq. 3.48| , dV/d4>\^=o = leads to 9m(^f2) ^ sin9, where is a phase 



associated with a complex VEV (see Eq. |3.50| ). Thus, if the VEV's are real (i.e., 9 = 0), then 
9m(^^2) = ^^'^ the imaginary part of the only complex coefficient fj,i2 i'he Higgs potential 
(prior to SSB) gets rotated away. Therefore, in general, there could be several scenarios of 
generating CP violation in a 2HDM emanating from V{^): 

1. At least two terms in the potential should violate CP when the two VEV's are chosen by 
a suitable field redefinition to be real. 

2. Only one term in the Higgs potential violates CP and the two VEV's have a non-zero 
relative phase. 

3. The Higgs potential is CP-conserving however the ground state spontaneously violates CP 
by giving a non-zero phase between the two VEV's. This scenario requires non-vanishing 
hard couplings of the type Xq and A7 (i.e., hard self-couplings of scalar fields). 

4. CP violation occurs everywhere it can, i.e., explicitly in the Higgs potential and from a 
relative phase of the VEV's. 



Let us illustrate how the above scenarios work for the Higgs potential given in Eq. 3.48. We 
will focus on two out of the four possible scenarios above for breaking CP symmetry that will 
result from two different choices of the set A5, /xfg; -^6 and A7, i.e., scenarios 2 and 3 above. In 
general, when there exists a relative phase 9 between the two VEV's 



<(/>^>=-^cos/3e''^ , <(/.^>=-^sin/3, (3.50) 



where 



tan/5 = — and v = yvf + v^ , (3.51) 

then with A5 non-zero and real, CP violation can arise from non-zero complex entries of one or 
more of ^^2; ^^6 and A7. If A5, /if 2, Ag and A7 are all real then CP violation can occur spontaneously 
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(i.e., through the relative phase 9). If one of /xf2, Ag and A7 is complex then in addition to the 
complex VEV's above that appear after SSB, there is an explicit CP nonconservation in V{^). 
However, whether CP violation is spontaneous or explicit, the structure of the CP-violating sector 
of the model can be redefined to depend only on the relative phase 6. 

Let us consider, for example, the particular choice = A7 = which follows, for example, 
from type II 2HDM, that we will describe later in this section. Here CP violation can occur only 



if 3m[A5/(/xf2r]/0l7l 



If, on the other hand, arg(A5) = 2 arg(//f2) = V'? then the field redefinitions $1 — > exp(+i?/)/4)$i 
and $2 — exp(— z'0/4)<I>2 would eliminate this phase. A phase difference between A5 and fj,i2 is 
therefore essential in order to get CP nonconservation in a 2HDM with no hard couplings of 
the type Ag and A7 and, in particular, A5 cannot vanish. Let us remark at this point that in 
the Minimal Supersymmetric Standard Model (MSSM) with only two Higgs doublets, A5 = is 
required by the supersymmetric nature of the Lagrangian. Therefore, no CP violation can arise 
from the pure Higgs sector in the MSSM. We will return to this point when we will describe CP 
violation in SUSY models (see section |3.3| ) . 

In models with extended Higgs sectors, an important experimental constraint is that the 
processes with Flavor Changing Neutral Currents (FCNC) are severely suppressed. To under- 
stand the extent to which such models will give rise to FCNC, consider the most general Yukawa 
interaction of quarks in a 2HDM |78]: 

{u^,d,)L{Dlj^i + i?2.$2)(c^i)i? + h.c. ] , (3.52) 

where i and j are generation indices, u and d stand for up and down quarks, respectively, and 
^ = ia2^* while f/^, f/^, and are matrices in flavor space. In the general case presented 
above, where either both C/^ and C/^ or and are present in £y, FCNC will appear in 
the model. To avoid FCNC in a 2HDM, most models which have been considered impose an ad 



hoc discrete symmetry on the 2HDM Lagrangian |7S]; the idea being that such a symmetry may 
originate from physics at a more fundamental level. We will return to this point later when we 
discuss CP violation in a 2HDM with no FCNC at tree-level. 

In the next two sections we examine two widely studied cases of the 2HDM where CP violation 
arises from the Higgs sector. In section 3.2.2| we consider a model where FCNC are in fact present. 



In particular we take A5 > and real, and also /if 21 Ag, Ay are non-zero and real (corresponding 
to scenario 3 above). Since FCNC will be present, the parameters of the model will be constrained 



to keep them below the experimental limits. In section 3.2.3 we consider a case which falls into 
scenario 2 and has flavor conservation built in at tree-level. In particular, Ag = Ay = and a 
discrete symmetry (which is only softly broken) is imposed on the model [^, 8C]. 



3.2.2 2HDM with CP nonconservation and FCNC 

In this model, no discrete symmetry on the Yukawa couplings of any kind is imposed, thus 
allowing for the presence of all the couplings which appear in V{^) and £y. However, in view 
of the low energy data on FCNC, one has to require that the Flavor Changing (FC) parameters 
meet those experimental constraints. One systematic way that has been suggested to achieve this 
without fine tuning the parameters is to impose an approximate global U(l) symmetry which 



acts only on fermions (see ||7g, 31 1 and references therein). This symmetry will be responsible 



for the smallness of the flavor changing couplings in this model and it leads to the Cheng-Sher 



ansatz |82, 83] which imposes a hierarchy on the terms of Cy that can reasonably evade FCNC 
constraints. We choose not to concern ourselves with the technical aspects of imposing such a 
U(l) symmetry, but rather concentrate on the CP-violating consequences of a 2HDM with FCNC, 
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the so called Model III. A more detailed discussion about the flavor changing parameters and 
their experimental constraints can be found, for example, in [S4|. 

We can rewrite Ly for this model in terms of the neutral and charged Higgs mass-eigenstates 
1-& and respectively. We divide £y into four terms |78|: 



(3.53) 



where ~^^'^\Cy^ contains the FC effects for the neutral (charged) Higgs-bosons, and 

Cy (£y ) has no flavor changing effects other than the ones expected from the CKM matrix of 
the SM part of the theory which also factors into the fermion charged Higgs coupling. 
These terms are written as follows: 



i,k=l 
3 

+ h.c.) , 

3 
3 

+ dlV^^j, ^mu-, rdu^ n^,jU^j^H~ + h.c.) . 



Y 



{H°+FC) 
L,Y 



^{H^+FC) 
L,Y 



(3.54) 



(3.55) 



(3.56) 



(3.57) 



Note that in Eqs. 3.56 and 3.57 proportionality of the FC couplings to the masses of the fermions 



participating in the FC vertex is imposed. This idea was originally proposed in |82, 83] and is 
often referred to in the literature as the Cheng-Sher ansatz. With this proportionality assumed, 
the severe experimental constraints on the FC couplings of light quarks can be satisfied quite 
naturally, i.e., without fine tuning. 

The three neutral Higgs mass eigenstates, Ti^ , are related to the real and imaginary pieces 
of the two Higgs doublets by a 3 x 3 orthogonal matrix R. The parameters in Eq. 3.55| (/ 
stands for fermion) arise from the diagonal elements of the Yukawa couplings U^,D^ or U^,D'^ 
in Eq. 3.52| , whereas the factors in Eqs. 3.5(: and 3.57 arise from the off-diagonal elements. 



Using the notation presented in [ 78 1 : 



sin (5 



sin P cos P sin 



— e'^f'^'^-^f^^ - cot/3 , 



1 



sin/3 



sin( 



(3.58) 
(3.59) 



and 



(fe) 



(3.60) 
(3.61) 



Here / and /' are functions of R, ^j. and of R, respectively. Sf is an arbitrary off-diagonal real 
matrix. 9 is the relative phase between the two VEV's as defined in Eq. 3.5C and 5f. is the phase 
associated with the mass mj. and is defined through 
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V2mf^e'''f^f^ = (gf cos Pe'^f'^ + g^' sin P)v , (3.62) 



where 5'i'(52*) diagonal elements of U^,D^{U^,D^) defined in Eq. 3 .521 , and o"/ = + or — for 
up or down fermion, respectively. 

Evidently, Cy manifests four patterns of CP violation in the 2HDM being considered, all of 
which are being driven by the relative phase 9 (which appears after SSB) between the two VEV's 
and by some definite choice of the parameters A5, Xq, Ay and /if 2 iii V{^): 

1. CP violation induced by the complex Yukawa couplings ^j. which appear both in the neutral 
and the charged Higgs sectors. 

2. Scalar-pseudoscalar mixing in the couplings of a neutral Higgs species with fermions. That 
is, the mixing of the neutral imaginary and real parts of the two Higgs doublets which 
results from such a model generates neutral Higgs mass eigenstates that do not have a 
definite CP-property. Thus the couplings of neutral Higgs with fermions will have the 
generic form 



r^.^; = WV"(4 + 475)/ , (3-63) 
where and are functions of R, tan/? and 

3. The phases in /i^- which yield CP violation in FCNC interactions both in the neutral and 
the charged Higgs sectors. 

4. The usual CKM matrix V which gives CP violation in the charged Higgs interactions much 
like that of the charged VF-boson interactions in the SM. 



3.2.3 2HDM with CP nonconservation and no FCNC 

There is a natural way suggested by Glashow and Weinberg to have tree-level FCNC vanish. 
This idea that there may be a discrete symmetry present in the 2HDM Lagrangian, also implies 
the vanishing of CP violation if this discrete symmetry is exact (see discussion below). Depending 
on the discrete symmetry imposed, we can then obtain different versions of a 2HDM. The two 
cases usually considered are the discrete symmetries Di and Djj 



Di : ^i;^2]{di)R;{ui)R^ -^l■,^2■,-{d^)R■,-{u^)R , (3.64) 
Dn ■■ ^i;'^2;{di)R;{ui)R^ -<^i;'^2;-{di)R;{ui)R . (3.65) 

The models with these symmetries are referred to as type I and H, respectively, depending on 
whether the —1/3 and 2/3 charge quarks are coupled to the same or to different scalar doublets. 

Let us describe now the 2HDM of type H (sometimes also referred to just as Model H) 
following the notation in With the discrete symmetry Djj, we can build the Lagrangian for 
the 2HDM of type H as a special case of the general 2HDM Lagrangian described in the previous 
section, where: 



(a) In order that jCy in Eq. 3.52 be invariant under Djj, Ujj = Dfj = is required. Thus 



= iuiJ^)LUfj^2iuj)R + {u^J^)LDlj^i{dj)R +h.c. ] , (3.66) 

and hence only $2 gives mass to charge -1-2/3 quarks and only $1 is responsible for the 
mass generation of the charge —1/3 quarks. 
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(b) If all the terms that are non-invariant under the operation of Djj in the Higgs potential are 
zero and the symmetry is exact, then there is no CP violation in the theory. Therefore, 
allowing only for a one non-zero value of the soft breaking term /i^2 7^ 0) have in the 
Higgs potential of Eq. |3.48| , Ae = A7 = 0. 



(c) Without loss of generality, A5 is chosen as real (this can be done by "rephasing" ^2) and 
fii2 is chosen as complex, thus having explicit CP violation already at the Lagrangian, in 
addition to the relative phase between the two VEV's which arises after SSB. 

With the above three points and respecting the discrete symmetry (except for the soft breaking 
terms which do not introduce FCNC at tree-level), the 2HDM of type II can be extracted from 



the general 2HDM of the previous section by taking [85|: 

5d = e , 6u = 0, (3.67) 

thus 



U = tan /5 , ^„ 



cot (3 . 



(3.68) 



Also because of point (a) above, we have ^{j = in £y, thus 



(3.69) 



and we are left with only two CP-violating mechanisms in this model: 



1. The scalar-pseudoscalar mixing described in the previous section (i.e., Eq. 3.63| ), where still 



a J and are functions of the 3x3 Higgs mixing mass matrix R, tan/3 and Note, 



however, is now real and is given by Eq. |3.68| above. 

2. The usual CKM matrix V which gives CP violation in the charged Higgs interactions. 

For later use, let us introduce the following notation for the TL^ff and Ti^VV {V = W ox Z) 
parts of the Lagrangian in a general 2HDM 



9W mf 



^^^^^ - "71^^'^' ( 

C-HWV = gwmwCvc''n''gf,uV^'V' 



(3.70) 
(3.71) 



where Cw,z = 1; rrtz/^w- Note that in the SM the couplings in Eqs. 3.70| and p. 71 of the only 
neutral Higgs present are a/ = 1/^/2, bf = and c = 1, and there is no phase in the Ti^ff 



coupling. In Model II, for up quarks for example |80]: 



at = Rik/ sin p , bt = Rsk/ tan /? , = R^f, sin /3 + fiafc cos p , (3.72) 

where tan/3 = Vu/va and Vu{vd) is the VEV responsible for giving mass to the up(down) quark. 
R is the neutral Higgs rotation matrix which can be parameterized by three Euler angles 01,2,3 
as follows ||80|] : 



R 



ci 

-S1C2 
S1S2 



S1C3 
C1C2C3 - S2S3 
-C1S2C3 - C2S3 



S1S3 
C1C2S3 + S2C3 
-C1S2S3 + C2C3, 



(3.73) 



where Sj = sin a,- and c,- = cos a,- 
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A general feature of this class of 2HDM's, in which CP violation results from scalar-pseudoscalar 
mixing in the neutral Higgs interactions with fermions, is that only two out of the three neutral 
Higgs-bosons can simultaneously have a coupling to vector-bosons and a pseudoscalar-type of cou- 
pling to fermions. Denoting these two neutral Higgs-bosons by h and H with couplings Q^/j ^/j 
and aj jb^j^ (corresponding to the light and heavy neutral Higgs, respectively), an important 
aspect of these 2HDM's, which has crucial phenomenological implications for CP violation, is 
that these couplings are subject to the constraint b^c^ + b^c^ = 0. This is a general feature 
of CP violation induced by mass mixing and is due to the existence of a GIM-like cancellation, 
dictating that CP-odd effects must vanish when the two Higgs-bosons h and H are degenerate. 

To end this section let us briefly comment on the existing experimental limits on the neutral 
and charged Higgs masses and on the couplings a'jjbpC^. There are very good reviews on this 
subject in the literature and we only wish to point out the highlights of those investigations. The 
existing limits are usually given on tan (3 and they depend on the mass of the charged Higgs- 
boson or the neutral Higgs-boson of the theory. They can be translated to bounds on Opfepc'^ 



using Eq. 3.72 , In particular, the limits are obtained from the experimental constraints using 
low energy data on B — B, D — D and K — K mixing, eK, b ^ u, b ^ c and b ^ transitions 
1 8^, 1^, 1^], on S ^ TUrX decays on — 2)^ or from high energy processes 



such as e+e^ — > Zh |94], the decay t bH^ |^, ^] and from Z decays |9^]. Typically 
they find that tan /3 < 1 is allowed if the charged Higgs mass is above several hundred GeV (recall 
that a small tan/3 enhances the Higgs coupling to the top quark). In order to have tan/3 < 0.5 
the charged Higgs mass is required to be typically > 500 GeV. If tan/3 is sufficiently large, i.e., 
tan/3 ~ 0{mt/mb), then a light charged Higgs-boson is possible, of the order of several tens of 
GeV. Note also that there are theoretical approximate lower and upper bounds on tan /? coming 
from perturbative considerations. That is, in order for a perturbative description to remain valid, 
tan/3 has to roughly satisfy 0.1 < tan/3 < 100 [^. The lower (upper) limit corresponds to the a 
perturbative top (bottom) Yukawa coupling. 

The inclusive decay B — > Xg^, which is equivalent at the quark level to 6 ^ 57, plays a unique 
role in constraining the parameter space of 2HDM's |^8|. Recall first the CLEO observation 
flOl] Br(5 ^ Xsj) = (2.32 ± .57 ± .35) x 10"^ and the corresponding 95% CL bounds of 
1 X 10"^ < Bt{B Xs-f) < 4.2 X 10"^. These were updated by CLEO to read Br{B Xs^f) < 



(3.11 ± 0.8 ± 0.72) X lO-'' where, at 95% CL, 2.0 x 10"^ < Bi{B Xsj) < 4.5 x 10"^ |To|, [To^ . 
Furthermore, ALEPH presented the result |lO^ Bt{B Xs^/) < (3.15 ± 0.35stat ± 0.32syst ± 
0.26niodei) X 10~^, Consistent with CLEO. In Model I, the two contributions of the charged Higgs 
scale as cot^ /3 causing significant enhancements to the decay rate for small values of tan /3. An 
especially interesting aspect of Model I is that the contribution of the two charged Higgs interfere 
destructively for some values of the parameter space. Consequently, the lower and upper bounds 



from CLEO enable us to place stringent constraints on the mass {mjj±) — tan/3 plane [88|. Most 
notably, for small value of tan/3 (especially for tan/3 < 0.3), mjj± < 1 TeV gets excluded as can 
be seen from Fig. ^ [|10C(| . 

Br (6 57) also places important restriction on Model II again, especially for small 
values of tan/3 (see Fig. ^) jlOO| , 101, 102, |103| ]. An important difference with Model I is that 



Br (6 57) is now always larger than in the SM, independent of tan/3 jS^]. Thus, mH± < 300 GeV 



is ruled out practically for all values of tan /3. One can relax these bounds if MSSM contributions 



(chargino loops) are added to the charged Higgs in the loop ||88t| . 



3.2.4 Three Higgs doublet model 

As was mentioned above, if one chooses to adopt Natural Flavor Conservation (NFC), enforced 
by some discrete symmetry (see e.g., Eqs. ^.64 and 3.65| ), then the minimum number of Higgs 



doublets which allows CP violation in the gauge model with NFC is three [ |108| , |109| ] (the other 
possibility is two Higgs doublets plus one singlet but we choose not to discuss it). 

In the Weinberg 3HDM [45, |110|], CP violation in the Higgs sector arises from the phase 
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Figure 6: The excluded regions in the mu± — tan 13 plane resulting from the present CLEO hounds 
in Model I and for nit = 175 GeV. The excluded regions are (from left to right) to the left of the 
first curve and between the second and third curves. Updated figure from (see jlOL ]). 
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Figure 7: Constraints in the mij± — tan/? plane in Model II from the CLEO hound on Br(i? 
Xg'^). The excluded region is to the left and below the curves. The upper line is for mt = 181 
GeV and the lower line is for mt = 169 GeV. We also display the restriction Iw. (3 /mjj± > 0.52 
GeV^^ which arises from measurements of B ^ Xtv as discussed in [101, \10^J . Figure taken 
from llOSj]. 
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differences of the VEV's and from the complex quartic terms in the Higgs potential (as will 
be shown later). This model has many unknown parameters and it allows the standard CKM 
mechanism as one of the sources of CP nonconservation. Let us therefore present its spontaneous 
version which has a very attractive feature: spontaneous CP violation and NFC together with a 
real tree- level CKM matrix (for three generations) as a starting point, imply that CP violation 
is generated only after SSB via complex VEV's [11 1| , 112|. Thus, in such a scenario CP is a 
good symmetry of the Lagrangian before SSB and CP violation at tree-level comes solely from 
Higgs-boson exchanges once the VEV's are assigned a non-vanishing phase. 

The most general scalar potential with three Higgs doublets consistent with NFC is given byQ 



V{<^) = ^m2cl>t$, + ^a,,(cI>JcD,)(ci,t<i,^.)+ 
Y^hj{^l^j){^]^,) + [^c,,($|cl>,)(cl>t$^.) +h.c.] . (3.74) 

Hermiticity of the scalar potential requires that the mf terms, the Ojj and the bij be real while 
Cij need only be hermitian. However, if CP is broken spontaneously, all the parameters of V{^) 
can be chosen to be real before gauge symmetry breaking and we choose to work in the latter 
scheme. 

The Higgs doublets can be written as 



■^{Vi + Pi + 



with 



v^ = \vi\e'^' . (3.76) 



Assuming that the third Higgs doublet does not couple to quarks and that its VEV does partic- 
ipate in breaking SU(2)xU(l), the general Yukawa interactions consistent with NFC read 



Cy = Y^DU^rUi + cP'i*Di) + Ylf^U},{4ui-^tDi) + 

Y^eUcPPH + <t^tEi) + h.c. , (3.77) 

where U = {u,c,t), D = {d,s,b), E = {e,fj,,T) and = (z^g, t'^t, i^r)- The Yukawa couplings are 
chosen to be real as CP is assumed to be a good symmetry of Cy- 

After SSB and after a phase redefinition of the quark fields in order to obtain real quark mass 
matrices, we can rewrite Cy as 

i/+ i/+ //+ 

£+ = ^Tj^kMdDr - ^UrMuKDl + ^NlMeEr + h.c. , (3.78) 

Vl V2 V3 

for charged Higgs-bosons, with (p'- = (pie^^^- and a real CKM matrix, denoted here by K. Also 



£0 = PlDMDD + i^DMD-f5D + —UMuU- 

Vl Vl V2 

i—UMu75U + —EMeE + i—EME75E , (3.79) 

V2 V3 Vs 



*Unlike Eq. 3.48 which describes the Higgs potential for a 2HDM, we use here the more generic form of the 
Higgs potential applicable also for arbitrary number of Higgs doublets. 
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for neutral Higgs-bosons, where Mu, Md and Me are diagonal mass matrices. The Yukawa 
interactions of Eqs. [3.78 and 3.79 are still CP invariant, however, the scalar fields 4)i^pi and rji 
are not the physical Higgs states with definite masses. 
The mass matrix in the basis of jvi is 



m 



-X12 + iY X12 + X23 -X23 - iY 

V-Xi3+iy -X23 + ir Xi3+X23y 



(3.80) 



where 



1 



hij + Cij cos( 



(3.81) 



and 



Y = -ci2vfvi sin 2(^1 - ^2) = -C23?^2^^3 sin 2(02 - 0: 



(3.82) 



Since the parameter Y is in general non-zero, it is evident that CP violation in the charged 
Higgs-boson sector comes from the imaginary part of the off-diagonal Higgs-boson mass matrix 
elements. 

The unitary matrix which relates the weak eigenstates cjy'^^ to the physical charged states 
is defined by 



(3.83) 



where is the charged Goldstone-boson which is absorbed into the W~^. [/"*", which has 
three arbitrary phases, of which two can be removed by a redefinition of and H2, can be 
parameterized exactly in the same way as the CKM matrix |110|: 

/ Cl S1C3 S1S3 \ 











= U+ 











-S1C2 C1C2C3 + 52536*''^ C1C2S3 — S2C3e*'^^ 



(3.84) 



with Si = sin ( 



Ci 



cos 6i and Sh are the charged Higgs mixing angles and phase, respectively. 



From the gauge sector, it is straightforward to show that 



I |2 I I |2 , I |2 
\Vl\ +\V2\ +\V3\ 



(3.85) 



or that 



G+ = -{vi^'++V2CP'2'-+V3Ct>'+) . 



(3.86) 



It follows from Eqs. 3.83 and 3.84 that 



Vl = ClV , 



V2 



-SIC2V , 



V3 



-SIS2V . 



(3.87) 
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Therefore, the mixing angles 9i, 62 are determined by the VEV's vi, V2 and vs whereas ^3 and 6h 
depend on the parameters of the Higgs potential. 



In terms of the Higgs mass eigenstates, the Yukawa interactions in Eq. 3.78 become 



with 



£+ = {2V2GFf'^Y.^aiULKMDDR + l3iURMuKDL 



1=1 



+-fiN LMEER)Ht + h.c. , 



(3.88) 



rn = ^1^3 a — ciC2C3+g2S3e'°-g 

"1 Ci ' W S1C2 ' '1 SlS2 



Q!2 



ci 



ClC2S3-g2C3e g 

S1C2 



72 



ci5253+C2C3e'°g 
S1S2 



(3.89) 



and we see that 



3m (a2/32) 
3m(/3272) 



-3m(ai/3*) , 3m (0272) = -3m(ai7i) , 
■3m(/3i7i*) . 



(3.90) 



As in the charged Higgs case, we can write down an analogous 6x6 real mass matrix for the 



neutral scalar states. Then the neutral Higgs-boson Yukawa interactions in Eq. |3.79| become 
ITOSll: 



■■Y 



{2V2GFf'^ Y^iguDMoD + g2iDMnh5D + gsiUMuU 



i=l 



-giiUMui-/5U + g^iEMEE + geiEMEi-f5E)H[ 







(3.91) 



where the couplings gi are real. Since ipip and ipi^^ip have opposite P, T and CP transformation 
properties, P and CP can be violated through the exchange of neutral Higgs-bosons. 

We will now briefly mention some of the more notable constraints on this class of models 
||4^ , |113| , |114| , |115| ] . One class of restrictions that are of some importance follow (as in the case of 
the 2HDM) if we further assume that the Higgs sector of the theory is perturbative |87]. These 
lead to 



|«i|<120 , m<6. 



(3.92) 



Since these complex coupling constants arise from the diagonalization of the charged scalar mixing 
matrix, they obey the relation 



(3.93) 



1=1,2 



Thus PI]: 



3m(ai/3^) 



-{012^2) , 



(3.94) 



and 



3m(ai/3*) < |QiA|<720 



(3.95) 



Assuming for simplicity that one of the H^, for instance H2, is very heavy, then B-B mixing 



imposes an important constraint on |/3i| |87, 116 1: 
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Figure 8: Constraints on Qm(XY*)\ (= |3m(Q;/5*)| in our notation) as a function of the lightest 
charged Higgs-boson mass Mjj+ = with = lOOi 250, 500 and 750 GeV corresponding 

to (from left to right) the dashed, dashed- dotted, solid and dotted curves, respectively. The bottom 
dashed curve represents the case where the H2 contributions have been neglected. The allowed 
region lies to the right and below the curves, nif = 175 GeV is used. Updated figure from [St] 
(see 



\(3i\ < 2 for m^i ~ -mz 
< 3 for niH^ ~ 2mz ■ 



(3.96) 



Using B TuX, a constraint on |ai| is deduced [|101| , |117[| : 



|ai| < 2mi^,/ GeV . (3.97) 
A direct bound on 3m (a/3*) comes from the electric dipole moment of the neutron (dn) 



TT|, |Tl9| : 



3m (a/3*) I < 20 for tuhi ~ 2"^^ 
< 100 for m//i ~ 2/77-2 . 



(3.98) 
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Interestingly enough, the strongest constraint so far actually comes from a CP-conserving pro- 
cess h ^ [113| , 115]. The amplitude for b ^ sj receives contributions from terms proportional 



to 3m(aj/3*) that do not interfere with the other terms. 

Thus these terms only enter quadratically in the expression for the rate for 6 — > 57. A 
conservative bound on | 3m(a/3*)| (where 3m (a/3*) = 9m(ai/3|) = — 3ni(a2/?2)) obtained by 
assuming that such a contribution saturates the measured rate for 6 ^ 57. These constraints are 



displayed in Fig. g IS^, IOC] as a function of the light charged Higgs mass {mn^) for various values 
of the heavier charged Higgs mass (m^/j), subject to the restriction mH-^ < 'mH2- On the figure, 
the bottom solid curve corresponds to the case when » "^Hi so that the contribution of 
the second charged Higgs is neglected. We note that the constraints depend strongly on m/fj and 
they essentially disappear when ~ due to a cancellation between the two contributions 
]|88| , |100(] resulting from a GIM-like mechanism. 

It is useful to note how stringent these constraints are. For example 

] Qm{a(3*) \ < 1.5 for m^i ~ ^mz 

< 2.5 for ruH, ~ 2mz , (3.99) 

for ~ 500 GeV. A very important consequence of these tight bounds on 3m (a/?*) is that the 
charged scalar exchange can only make a negligible contribution to the CP violation parameters 
in K ^ 27r, i.e., e or e'. Therefore, CP violation in the 3HDM cannot be the sole source of the 
observed CP violation. We should note, though, that in the original Weinberg model for three 
Higgs doublets, CP is not assumed to be an a priori symmetry of the model. Thus CP violation 
arises from complex quartic terms in the Higgs potential as well as from the phase differences 
of the VEV's. In addition, one has the complex CKM phase as an independent source of CP 
violation which may be able to accommodate the CP violation in the Kaon system. 

3.3 Supersymmetric models 

Needless to say, the minimal SUSY extension of the SM is a very appealing theory |120| ]. Among 
its compelling features are: it allows for Radiative ElectroWeak Symmetry Breaking (REWSB), 
it unifies the gauge coupling constants, with masses of superpartners not much heavier then a 
TeV it gives a well-grounded explanation to the hierarchy problem and it provides a good dark 
matter candidate - the lightest SUSY particle. 

As far as CP violation is concerned, new non-SM mechanisms are introduced in each version 
of such SUSY models JSl, 120| , 121, 122]. It is again the top quark sector in these models that may 



exhibit large CP-violating effects due to its very large mass. In particular, the supersymmetric 
partners of the top quark (these two scalar particles are often referred to as the stop and denoted 
by t), can be responsible for relatively large CP-violating phenomena. Such effects are enhanced 
by the possibility of having large mass splittings between the two stops which is in turn due to the 
relatively large top mass. These type of SUSY CP violation in top quark reactions has received 
considerable attention in the past few years. They are all strongly dependent on the magnitude 
of the low energy phase of the soft trilinear breaking term At in the SUSY Lagrangian and we 
will describe some of these works in the following chapters. 

Another possible manifestation of the CP-violating phase arg(^t) is Baryogenesis in the early 
universe. It was shown that with arg(^) 0, t squarks can mediate the charge transport 
mechanism needed to generate the observed baryon asymmetry, even with squark masses ~ 



hundred GeV, provided that arg(At) is not much suppressed ]29]. We will therefore emphasize 
here the phenomenological importance of possible CP-violating effects which may reside in — 
mixing and are therefore proportional to arg(At). Indeed, due to experimental constraints on 
the Neutron Electric Dipole Moment (NEDM), the possible phase in the Higgs mass term, i.e., 
arg(/i), is expected to be small (see below). Thus arg(Af) should be practically the only important 
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SUSY CP-odd phase observable in high-energy reactions. Of course, the most natural place to 
look for such effects, driven by arg(Af), is high energy processes involving the top quark. Thus 
CP-violating effects of the top quark observable in the laboratory may have direct bearing on 
Baryogenesis in the early Universe. 

It was stated in |123(] that using the relations obtained from the Renormalization Group Equa- 
tions (RGE) of the imaginary parts in the SUSY Lagrangian, combined with the severe constraint 
on the low energy phase of the Higgs mass parameter, fi, from the present experimental limit 



1 124] on the NEDM, the phase in At at low energy scales is likely to be very small provided one 
imposes some definite boundary conditions for the SUSY soft breaking terms. As a consequence, 
at high energies, any CP-nonconserving effect that is driven by arg(^t) will then be suppressed 
leaving top quark reactions almost insensitive to CP-violating effects of a SUSY origin in models 
with these assumptions. 

On the other hand we will describe below the key phenomenological features of a general 
MSSM and a GUT-scale N=l minimal SUperGRAvity (SUGRA) model. We will demonstrate 
that the prediction made in |123| depends on the GUT-scale boundary conditions, and therefore 



may be significantly relaxed to yield a large CP-violating phase in the At term compatible with 
the existing experimental limit on the NEDM. This should encourage SUSY CP violation studies 
in top quark systems as they may well be the only venue for constraining aTg(At) in high energy 
experiments at colliders in the foreseeable future. 

3.3.1 General description and the SUSY Lagrangian 

The most general low energy softly broken minimal SUSY Lagrangian which is invariant under 
SU(3)xSU(2)xU(l) consists of three generations of quarks and leptons, two Higgs doublets and 



the SU(3)xSU(2)xU(l) gauge fields, along with their SUSY partners, can be written as |120| , 
|12|,|12|,|127|: 

£= kinetic terms J (fOW + C^oit ■ (3.100) 
Here W is the superpotential and is given by|^ 

W = eij{g[/QmUj + g'l^ QWiD'j + q'e' lWiR'j + f^HlHi) . (3.101) 
Eij is the antisymmetric tensor with ei2 = 1 and the usual convention was used for the superfields 



Q,U,L,R and H | 125 |. /, J = 1,2 or 3 are generation indices and i, j are SU(2) indices. 



^soft consists of the soft breaking terms and can be divided into three pieces 

•^soft = -^gaugino ~l~ -^scalar ~l" -^trilinear ; (3.102) 

which are the soft supersymmetry breaking gaugino, scalar mass terms and the trilinear coupling 



terms. These are given by |126| 



^gaugino = ^(?71iAbAb m2A^A^ -h msAGAc) , (3.103) 

-Cscaiar = -ml^\Hl\^ - m%jHf\^ - ml\Vf - 

mji\R\^ - m||Q*|2 - mjy\Df - ml\Uf , (3.104) 
Ariiinear = eij{gu AuQ' + qdAdQ' h{d + 

gEAEL'H{R + hBH\h{) , (3.105) 



*We do not include R-parity violating terms in the SUSY Lagrangian below, since we do not discuss in this 
review any CP-violating effect which may be driven by such terms. We only briefly mention in Chapter ^ the 
possible impact of R-parity violating SUSY interactions on CP violation studies in the top quark system. 
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where we have omitted the generation indices / and J in the soft breaking terms. The above 
scalar fields correspond to the superfields which were indicated in our notation by a "hat". Xb, 
X^r (with a = 1,2 or 3) and (with b = 1, ... ,8) are the gauge superpartners of the U(l), 
SU(2) and SU(3) gauge-bosons, respectively. Also we remark that proportionality of the trilinear 
couplings to the Yukawa couplings (i.e., gu,gD and gs) is imposed in Eq. |3.105| . 



3.3.2 CP violation in a general MSSM 

We now turn to a discussion of the CP-odd phases in the theory. In general, when no further 
assumptions are imposed on the pieces of the Lagrangian in Eqs. |3l0l| and [slO^ - ^JoEj , there 



are several possible new sources (apart from the usual SM CKM and strong phases) of CP 
nonconservation at the scale As - where the soft breaking terms are generated. These are 



|12C| , 121|: the trilinear couplings Ap (i.e., F = U, D oi E), the soft breaking Higgs coupling 
^B^ the gauginos mass parameters rha (a = 1,2 or 3) and the Higgs mass parameter ^ in the 
superpotential. However, not all of them are physical and by a global phase change of one of the 
Higgs multiplets one can set arg(/ii?) = ensuring real VEV's of the Higgs doublets and fixing the 
phase of /i to be arg(/x) = —aig{B). Moreover, in the absence of the soft breaking Lagrangian, 



the MSSM possesses an additional U(l) R-symmetry [128]. Thus, with an R-transformation one 
can remove an additional phase from the theory, say from one of the soft gaugino masses rfia- 
The remaining physical phases are: one phase for each aig[Af) (corresponding to a fermion /), 
arg(5) and arg(7?i(2 ), say for a = 1,2. In the most general MSSM scenario, these remaining 
complex parameters at the Ag-scale cannot simultaneously be made real by redefining the phases 
of fields without introducing phases in the other couplings. 

Of course, once the above phases are set to their Ag-scale values, they feed into the SUSY 
parameters of the theory at the EW-scale through the RGE. Instead of studying the RGE for 
the full theory, one needs only consider a complete subset of the RGE of the complex parameters 
in the effective theory. Taking only the top and bottom Yukawa couplings and neglecting small 



effects from the other Yukawa couplings, such a complete subset was given in |123]: 

dfha 



dt 
dA 

dt 
dAb 

dt 

dAy^f, 

dt 
dAd^s 
dt 
dB 

Ht 
dat 
~dt 
dab 
"dt 
dag 
dt 



2haaarha , (3.106) 

2caaama + UutAt + 2abAb , (3.107) 

2c^aama + l2abAb + 2atAt , (3.108) 

2caaama + 6atAt , (3.109) 

2Caaa7ha + QabAb , (3.110) 

2Caaarha + GubAb + GatAt , (3.111) 

2at{-Caaa + 6at + ab) , (3.112) 

2ab{—c^aa + Gab + at) , (3.113) 

2baal , (3.114) 



where t = ln{Q/As)/4:Tr, a is summed from 1 to 3 and ha = (33/5, 1, —3), Ca = (13/15, 3, 16/3), = 
(7/15, 3, 16/3), c„ = (3/5,3,0). Also, at and Qfc are related to the corresponding quark masses 
via 
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_ 92 1 ^Qnr:^ 

- 8^m^^sin^/3(cos2/3) " ^^■^^^> 

We remark that in the general MSSM framework with arbitrary CP-violating phases at A5, the 
above RGE are of less importance and with such boundary conditions almost any low energy 
CP-violating scenario can be generated. In particular, large CP-violating phases at the EW-scale 
are not excluded in this unconstrained scenario. However, in a more constrained SUSY version, 
one can reduce the number of the physical CP-odd phases in the theory. In this case the RGE 



given above are crucial for determining the SUSY CP-violating phases at the EW-scale |123|. We 
will return to this point later when we discuss the = 1 minimal low energy SUGRA - GUT 
model. 

Let us consider now the phenomenological consequences of CP nonconservation in such a 
general SUSY model. First we need to describe briefly how these new CP- violating phases enter in 
reactions which are driven by supersymmetric particles. As it turns out, all CP violation in the low 
energy SUSY vertices is driven by diagonalization of the complex mass matrices of the sfermions, 
charginos and neutralinos. For more detailed investigations of the diagonalization procedure and 
extraction of the mass spectrum and CP-violating phases from these mixing matrices we refer 



the reader to the existing literature, see e.5., |12C| , |126| , |129| , |130| , |131| , |132| , |133| , |134| . Here we 



only wish to briefly describe the key features of the formulation and the definitions. 

We denote by M? the mass squared matrix of the scalar partners of a fermion, and and 
M^o are the mass matrices of the charginos and neutralinos, respectively. Then, with the rotation 
matrices Zj, Z^^ Z^ and Z~, we can define 

zjMjZf = diag(m|,m|) , (3.116) 

(Z-)tM^Z+ = diag(m^,,m^,) , (3.117) 

ZJ^M^oZn = diag (^m^o, m^o, m^o, m^o^ . (3.118) 

M? is then given by 

f2 ^ m'j- — cos2(3{T3f — Qf sin^ 6w)'m% + m^j^ —mf{Rffi + Af) 



f ^ -mf{Rffi* + Af) mj-cos2l3Qfsm'^9wm%+m} ' ' 



fR 



where mj is the mass of the fermion /, Qf its charge and T^f the third component of the weak 

isospin of a left-handed fermion /. (m^ ) is the low energy mass squared parameter for the 

JL Jr. 

left (right) sfermion fhifR)- Rf = cot/3(tan/3) for T^f = \{—\) where tan/3 = V2/V1 is the ratio 
between the two VEV's of the two Higgs doublets in the model, 
and M^o are given by 

M,= f /- . ^/2m^sin/3\ 

^ V V 2mvF cos /5 /i / ^ ' 

(ih\ — mz cos PsmOw mz sin 13 smOw \ 

7712 mz cos llcosOw —mz sin 13 cosOw j f3 121^ 

—mz cos j3 sin6w mz cos [3 cos 6w — /x I ' v • / 

mz sin /3 sin 9w —mz sin /3 cos 0w — M / 

where mi{m2) is the mass parameter for the U(1)(SU(2)) gaugino. 

Because of their relatively simple form, we will discuss below the way of parameterizing the 
CP-violating phases only of the sfermions and charginos diagonalizing matrices Zf and Z^, Z~ , 
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respectively. The diagonalization of the 4x4 neutrahno mixing matrix with complex entries 
is more involved and may be estimated numerically, although in some limiting cases it may be 
approximated analytically (see e.g., |123| ]). If all elements of are real then the diagonalization 
procedure can also be done analytically (see e.g., |131, 133 |). 
The mixing matrix of the sfermions is parameterized as 



Z 



f 



cos 
e*^/ sin f 



-e sin ( 

cos r 



(3.122) 

7f cos Of 

where ^/ is the mixing angle and /?/ is the phase responsible for CP-violating phenomena in 
sfermions interactions with other particles in the theory, and is given by 



tan (3f 



IfJ-lRf sina^ — \Af \ sinaj 
\fj-\Rf cos + \ Af \ cos a/ 



where we have used Aj = \Af\e^'°'f and /i = |//|e*"f . Recall that Rj 
\{—\) and tan/? = V2/V1. Also, the mixing angle Of is given by 



tan ^/ 



-2m/ 



RfH + A*j: 



cos 



2/3(2Q/ 



sm 



T3f)ml + m2-^ 



2 

JR 



(3.123) 

cot/3(tan/?) for T^f = 
(3.124) 



It is obvious from Eq. 3.123| and |3.124| that in the limit where all the quark masses are small 
except for m^, only the phase of At leads to CP-violating effects (the limit mj— >0, / T^i, is 
useful when considering high energy reactions). In particular, the other A-terms are multiplied 
by the light fermion masses (see also Eq. |3.119D and, therefore, they have negligible effect on any 
physical quantity evaluated at high enough energies. That is, the off-diagonal elements of Zf are 
zero in this limit (i.e., from Eq. 3.124 we see that sinOf — > when m/ — > 0) and there is no 
mixing between the left and right components of the superpartners of light quarks. Of course, 
this is not the case for the NEDM which is particularly sensitive to the slight deviation from 
degeneracy of the supersymmetric partners of the u and the d quarks. We will return to a more 
detailed discussion on the "SUSY-CP problem" of the NEDM in the following section. 

For a sfermion /, it is useful to adopt a parameterization for its fi — Jr mixing such that the 
sfermions of different handedness are related to their mass eigenstates through the transformation 



h = Zfh + Zfh , (3.125) 

where /i^2 are the two mass eigenstates. We note that, in the case where all CP violation arises 
from fi — fpi mixing, i.e., from the complex entries in the sfermion mixing matrix Zj, it has to 
be proportional to 

3ni iCf) = 3m (Zf* Zf) = sin 26 f sin (3f . (3.126) 

Clearly, — > if there is no mixing between the left and right sfermions such that they are nearly 
degenerate. We will describe in the next chapters CP-nonconserving effects in top quark systems 
which are driven by the possibly large mass splitting between the two stop mass eigenstates and 
are therefore proportional to 3m (^j). 

The charginos mixing matrices are given by 

Z^ = P^O^ , (3.127) 

where 
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and 

Here a2 = arg(m2) and the CP-violating angles P± and 71^2 above are given by 

sin0 

tan/3_ = 1- 1^ „ , (3.132 

tan 71 = 2 — , (3.133) 

2|m2|(m| -|At|2) ^ ^ 

COS 6 H ji-ri 

sin 

tan 72 = 21^-] , (3.134) 

COS (7 771 — i7 — T — rr 

2|Ai|(m|^-|m2|) 

where = + a2 and niy-^ {i = 1, 2) are the masses of the two charginos. 0+ and 9- are also 
functions of m2,/i, fi and ^2 (see [|13CI|]). 



3.3.3 CP violation in a GUT-scale iV = 1 minimal SUGRA model 

Let us proceed by describing a more constrained supersymmetric model. In particular, we want 
to consider a spontaneously broken = 1 SUGRA, which apart from gravitational interactions, 
is essentially identical at low energies to a theory with softly broken supersymmetry with GUT 
motivated relations at the GUT mass scale. One of the most appealing consequences of such a 
constrained SUSY scenario is that it allows REWSB of SU(2)xU(l) with the fewest number of 
free parameters. 

According to conventional wisdom, complete universality of the soft supersymmetric param- 
eters at the GUT-scale (or at the scale where the SUSY soft breaking terms are generated) is 
assumed. More explicitly, a common scalar mass niQ and a common gaugino mass M1/2 at the 
GUT-scale 

2 2222222 

ma = Ml/2 , a = 1,2 or 3, (3.135) 
and also universal boundary conditions for the soft breaking trilinear terms are assumed 

Ae = Ad = Au = A'^ . (3.136) 

Of course, the above relations do not survive after renormalization effects from the GUT-scale 
(which is usually taken to be Mq ~ 2 x 10^^ GeV) to the EW-scale are included. 

It then follows that the universal parameters of the minimal SUGRA model at the GUT-scale 
are: mo, -/Vfi/2) ^*^) ^ A**^ and tan/3. This is the most general set of independent parameters 
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before REWSB. However, a bonus of this economical framework is that REWSB occurs and the 
parameters i/^ and B'^ are no longer taken as independent but are set by mo, and tan/3 

(the magnitude of ^ is adjusted to give the appropriate Z-boson mass but the sign of /i remains 
as an independent parameter). Thus, the number of independent parameters is reduced to five, 
namely mo, Mii2, , sign(^) and tan/3. 

In this GUT motivated SUGRA theory there are four possible new sources of CP nonconser- 



vation at the GUT-scale. These are 121 |: the universal trilinear coupling , the Higgs mass 
parameter /i*^, the gauge mass parameter and the parameter . However, as was men- 

tioned before, can be made real by an /^-transformation and by using one remaining phase 

freedom, a redefinition of the Higgs fields can set the product B^ to be real so that the VEV's 
of the two Higgs fields in the theory are also made real. We therefore have arg(/x'^) = — arg(i?'-'). 
With this choice we are left with only two new SUSY CP-odd phases at the GUT-scale which 
are carried by A^ and /i*^, apart from the usual CKM phase that originates from the Yukawa 
couplings in the theory for three generations. 

One can proceed by choosing a more constrained CP-violating sector by setting one of these 
two phases to zero (we will address to this possibility in the next section), or even a "super" 
constrained CP-violating sector by taking arg(/^'^) = aig{A^) = 0, thus being left (at the GUT- 
scale) only with the usual CKM phase present as in the SM. 

Note that having a universal phase for all trilinear couplings of sfermions at the GUT-scale, 
does not necessarily mean that all sfermions will have the same phase (driven by their trilinear 
coupling Af) at the EW-scale. That is, the GUT-scale phases arg(j4'^) and arg(^'^) feed into the 
other parameters of the theory through renormalization effects from the GUT-scale to the EW- 
scale. In particular, these GUT-scale phases can produce different phases for different squarks 
and sleptons of different generations. However, irrespective of what those different phases are at 
the EW-scale, they can all be expressed in principle with the two new CP-odd phases of A'^ and 



Ijp through the RGE in Eqs. 3.106| -3.114. Thus, it is evident from the very simple structure of 



the evolution equations of the gaugino masses (see Eq. 3.106| ) that m-a, a = 1 — 3, are left with 



no phase at any scale. Moreover, the difference between the three real low energy gaugino mass 
parameters comes from the fact that they undergo a different renormalization as they evolve 
from the GUT-scale to the EW-scale, due to the different gauge structure of their interactions. 
In particular, they are related, at the EW-scale, by (see e.g., |131|]) 



3cos^6'iymi -2/1 "^2 "^3 



sin^Ow— = — , (3.137) 



a a a. 



where 6w is the weak mixing angle and ms is the low energy gluino mass. 

Notice now that with arg (rha) = 0, the RGE (Eqs. |3.106| - ^114 ) simplify to a large extent, thus 



we have only to consider the evolution of the A^^s and B'^ (or equivalently fj,^) to the EW-scale. 
This constrained version of the MSSM has strong implications on the low energy phase in At 



as was suggested in [123]. In particular, it was shown that with and without universal trilinear 
couplings at the GUT-scale and with some definite boundary conditions for them (for example, 
avg{fi^) = avg{A^) = for fermion species /), the low energy CP-violating phase of At induces 
potentially large phases in Au,Ad and B at the EW-scale (through relations obtained from the 
above set of the RGE). This in turn gives rise to a large NEDM which is ruled out by the present 
experimental limit. Therefore, severe constraints on the low energy phases of ^/ and where 
obtained. We will return to this point in the next section. 

3.3.4 A plausible low energy MSSM framework and the "SUSY-CP problem" of 
the NEDM 

The EDM of the neutron, dn, imposes important phenomenological constraints on SUSY models 



121, 13C, 132, 134, 135, 136, 137|. In particular, with a low energy MSSM that originates 



from a GUT-scale SUGRA model (with complete universality of the soft breaking terms), keeping 
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dn within its allowed experimental value (i.e., |d„| < 10~^^ e-cm |124|| ) requires the "fine tuning" 
of the SUSY phases to be less than or of the order of 10~^ — 10^'^ for SUSY particle masses of 
the order of the EW symmetry breaking scale. We remark, though, that it has recently been 
claimed in [134], that in some regions of the SUSY parameter space, cancellations among the 



different components of the neutron EDM may occur and such a severe fine tuning for either the 
SUSY masses or the SUSY CP-violating phases (i.e., at the order of 10~^) may not be necessary. 
However, for such cancellations to occur SUSY parameters have to be suitably arranged and, 
also, several large SUSY phases have to be present, which renders this scenario less predictive 
and less attractive as well. 

The NEDM can be written schematically in any low energy MSSM scenario in which the 
CP-phases originate from the /i and the Af terms as |123]: 



X^|^sina^ + X^"^sina, + X^''^sinad , (3.138) 



10-25 e - cm Ms ^ Ms Ms 

where Ms is the typical SUSY mass scale which may be used to describe the typical squark 



masses. It was found in [123| that typical values of the X*'s in almost every such low energy 
SUSY realization are: X^-^'' > 0(1) and X^' > 0(10^) for Ms < 500 GeV. Therefore, withj^ 
\Af\ \fi\ !^ Ms, only moderate bounds can be put on sina„ and sina^. In contrast, an 
unambiguous severe constraint is obtained on the low energy phase of the Higgs mass term fj,, 
namely sina^ < 0(10"^) for Ms < 500 GeV (see also pi], 130, 136j and references therein). 



The important finding in [123] is that if a complete universality of the soft breaking terms 



is imposed at the GUT-scale and the two GUT phases are zero or very small, i.e., arg(^'^) 
arg {B'^)<0.1, then this severe constraint on sin combined with the relations between Sm (At) 
and 5m (/i), obtained from the RGE, leads to the comparable constraint sina^ < 0(10-2). With 
a universal A term at the GUT-scale this will also imply (through relations obtained from the 
RGE) sinau^d < 0(10-2). Moreover, the above strong constraints on the SUSY CP-violating 
phases hold even if the universality of the A terms is relaxed at the GUT-scale as long as the GUT- 
scale CP-violating phases are kept very small. This strong constraint on the low energy phase of 
At would also eliminate any possible SUSY CP-nonconserving effect in top quark systems. 

While this scenario with very small CP-violating phases at the GUT-scale provides an ex- 
planation of the smallness of the NEDM (in fact, the above constraints will drive the NEDM 
to a value of the order of 10"2'' — 10-2*^ e-cm), an unavoidable question then arises: why do 
the CP-violating phases happen to be so small wherever they appear? If so, then an underlying 
theory that screens the CP-violating phases is required. 

We therefore feel that a somewhat different phenomenological approach is needed, namely, 
the implication that sin at < 0(10-2) should be specially scrutinized in the top quark sector. The 
latter, being very sensitive to sinaj at high energies, may serve as a unique probe for searching 
for significant deviations from the above upper bound, sinaj < 0(10-2) (see e.g., |l3j ]). Indeed, 
if at the GUT-scale the universality of the A terms is relaxed and no assumption is made on 
the magnitude of the CP-violating phases, then one can construct a plausible low energy MSSM 
framework which incorporates an 0(1) low energy phase for At, while leaving the NEDM within 
its experimental limit. The crucial difference in assuming non-universal boundary conditions for 
the soft breaking trilinear A terms is that, in this case, there is no a-priori reason to believe that 
the low energy phases associated with the different Af terms are related at the EW-scale. In 
particular, the bounds on sinQ^ ^; obtained from the experimental limit of the NEDM may not 
be used to constrain sinot. In addition, when no further assumption is made on the magnitude 
of the CP-violating phases at the GUT-scale, a value of sina^ — > may be realized without 
contradicting any existing relation from the RGE. 



Since Ms is the only SUSY mass scale associated with the squarks sector, it is natural to choose the soft 
breaking terms to be of 0{AIs)- 
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As in |13^ ] we therefore take the fohowing phenomenological point of view in constructing a 
plausible low energy set of the MSSM CP-violating phases and mass spectrum: 

1. sina^ ^ as strongly implied from the analysis of the NEDM. 

2. sina^t, sina^ and sina^ are not correlated at the EW-scale, which implicitly assumes non- 
universal boundary conditions at the GUT-scale. In particular, sina„, sina^ may then be 
constrained only from the NEDM experimental limit, with no implications on the size of 
sin at- 

3. Motivated by the theoretical prediction of the unification of the SU(3), SU(2) and U(l) 
gauge couplings when SUSY particles with a mass scale around 1 TeV are folded into the 
RGE, one may follow only the following traditional simplifying GUT assumption: there 
is an underlying grand unification. As mentioned before, this leads us to have a common 
gaugino mass parameter defined at the GUT-scale which can be made real by an R-rotation. 
Thus, rha, a = 1 — 3 are left with no phase at any scale. Moreover, using the relation of 



Eq. 3.137, once the gluino mass is set at the EW-scale, the SU(2) and U(l) gaugino masses 



r7i2 and fhi, respectively, are determined. 

4. The typical SUSY-scale is Ms and all the squarks except for the light stop, are assumed to 
be degenerate with mass Ms- 

Note that in this low energy framework one is only left with the phases of the various Af 
terms at the EW-scale, out of which only At plays a significant role in any high energy reaction. 
For — > the superpartners of the light quarks are practically degenerate and therefore the 
CP-violating effects from the phases of the other Af terms, corresponding to the light quarks, 
can be safely neglected. Note again that our approach, the EW^GUT approach, assumes a 
set of phases at the EW-scale, subject to existing experimental data, which implicitly assumes 
arbitrary phases at the scale in which the soft breaking terms are generated. As was mentioned 
above, this low energy CP violation scenario can naturally arise from a GUT-scale SUGRA model 
if only the universality of the A terms is relaxed and no assumption is made on the magnitude 
of the GUT-scale phases. 

Also, the mass matrices of the neutralinos, M^o, and charginos, Mj^, depend on the low energy 
Higgs mass parameter /i, the two gaugino masses m2 and rhi (which are resolved by the gluino 
mass) and tan (3 (see previous sections) and are therefore real in this scenario. Thus, once /i, 7713 
and tan/3 are set to their low energy values, the four physical neutralino species m-^o (n = 1 — 4) 
and the two physical chargino species nrij^^ (m = 1,2) are extracted by diagonalizing the real 
matrices M^o and M-^. 

5. Finally, the resulting SUSY mass spectrum may now be subject to the existing experimental 
limits, i.e., limits on the masses of squarks, gluino, neutralinos, charginos, etc. (see e.g.. 



With these assumptions, when arg(/u) 0, the leading contribution to a light quark EDM 
comes from gluino exchange, which with the approximation of degenerate u and d squark masses 
(which we will denote by rriq), can be written as |13C| ]: 



2a, „ \Aa\ sina„ 



'^^iG) = ^Qqem, '^ ^ V^K(r) , (3.139) 



where mq{mq) is the quark(squark) mass and Qq is its charge. Also, r = rriQ/m^ (for the rest of 
this section we denote the gluino mass by rac) and K{r) is given by[] 



^Note that the function K{r) in Eq. |3.14C is sHghtly different from that obtained in |123|. However, we find 



that numerically the difference is insignificant and does not change our predictions below. 
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Then, within the naive quark model, the NEDM can be obtained by relating it to the u and d 
quarks EDM's (i.e., du and dd, respectively) as 

dn = (Md - du)/2, . (3.141) 

We now consider aig[Au) and aig{Ad) to be free parameters of the model irrespective of aig[At). 
In Figs, ^(a) and ^(b) we have plotted the allowed regions in the sin Uu — sin plane for \dn\ not 
to exceed 1 x 10~^^ e-cm (for the present experimental limit see [ |124| ]) and 3 x 10~^^ e-cm. In 
calculating dn we assumed that the above naive quark model relation holds. Although there is 
no doubt that it can serve as a good approximation for an order of magnitude estimate, it may 
still deviate from the true theoretical value which involves uncertainties in the calculation of the 
corresponding hadronic matrix elements. Note also that it was argued in [140] that the naive 



quark model overestimates the NEDM, as the strange quark may carry an appreciable fraction 
of the neutron spin which can partly screen the contributions to the NEDM coming from the u 
and the d quarks. To be on the safe side, we therefore slightly relax the theoretical limit on dn 
in Fig. 1(b) to be 3 x IQ-^^ e-cm. 

We have used, for these plots, mj = rriu = Ms = 400 GeV, mc = 500 GeV and for simplicity 
we also took l^l^l = \Ad\ = Ms- As remarked before, it is only natural to choose the mass scale of 
the soft breaking terms according to our typical SUSY mass scale Ms- Also, we took the values 
for current quark masses as = 10 MeV, m„ = 5 MeV and as{mz) = 0.118. 

From Fig. ^(a) and in particular Fig. |^(b), it is evident that Ms = 400 GeV and mc = 500 
GeV can be safely assumed, leaving "enough room" in the sina^ — sina^ plane for \dn\ not to 
exceed 1 — 3 x 10~^^ e-cm. We observe that while sina^j is basically not constrained, —0.35 ^ 
< sinarf < 0.35 is needed for < 1 x 10~^^ e-cm and —0.55 < sina^ < 0.55 is needed for 
\dn\ < 3 X 10~^^ e-cm. Moreover, varying mc between 250 GeV to 650 GeV has almost no effect 
on the allowed areas in the sina^ — sina^ plane that are shown in Figs.^(a) and |9|(b).0 That is, 
keeping Ms = 400 GeV and lowering niQ down to 250 GeV, very slightly shrinks the dark areas 
in Figs]9|(a) and §(b), whereas, increasing ma up to 650 GeV slightly widens them. Of course, dn 
strongly depends on the scalar mass Ms - increasing Ms enlarges the allowed regions in Figs.P(a) 
and ^(b) as expected from Eq. p.l39| . It is also very interesting to note that, in some instances, 
for a cancellation between the contributions of the u and d quarks to occur, sin a^, sin > 0.1 
is essential rather than being just possible. For example, with | sina„| > 0.75, | sino^l > 0.1 is 
required in order to keep dn below its experimental limit. 

We can therefore conclude that CP-odd phases in the A^ and A^ terms of the order of 
few X 10^^ can be accommodated without too much difficulty with the existing experimental 
constraint on the NEDM even for typical SUSY masses of < 500 GeV. Therefore, we restate 
what is emphasized in |138|: somewhat in contrast to the commonly held viewpoint we do not 



find that a "fine-tuning" at the level of 10 ^ is necessarily required for the SUSY CP-violating 
phases for squark masses of a few hundreds GeV or slightly heavier. 

3.3.5 CP and the pure Higgs sector of the MSSM 

Since the superpotential is required to be a function of only left (or only right) chiral superfields, 
it forbids the appearance of H\ and H2 in the superpotential W in Eq. |3.101 . Therefore, since a 



Q'jHlUj coupling in W is prohibited by gauge invariance, only H2 is responsible for giving mass 
to up quarks and Hi to down quarks |129| ]. As a consequence, the requirement that there will 
be no "hard" breaking terms of the symmetry $j — > — <I>j in the Higgs potential is automatically 



We will take Ms ~ 400 GeV and vary mo in this range in some of the CP-violating efltects in collider 
experiments to be discussed in the following chapters. 
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Figure 9: The allowed regions in the sin a„— sina^ plane for the NEDM not to exceed (a) 1 x 10~^^ 
e-cm and (b) 3 x 10~^^ e-cm. Ms = 400 GeV and mo = 500 GeV is used. The shaded areas 
indicate the allowed regions. Figure taken from il38j. 
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satisfied in a minimal supersymmetric model. That is, Ae = A7 = in Eq. 3.48, for the Higgs 
potential in the MSSM. Moreover, no term of the form 



($l$2)^+h.c. 



(3.142) 



appears in the Higgs potential of the MSSM [ [L29| , thus implying A5 = in Eq. 3.48. It is then 
straightforward to observe that with the above constraints on the pure Higgs sector of the MSSM, 
any phase which may appear in a complex soft breaking parameter (i.e., proportional to /if 2 iii 
Eq. can be removed by a redefinition of one of the Higgs doublet fields, thus also setting 

the relative phase between the two VEV's to zero. Therefore, the pure Higgs sector in the MSSM 



possesses no CP violation [12S]. Of course, CP violation may emerge in interactions of the Higgs 
fields with the other fields in the theory due to the CP-violating phases carried by these latter 
fields. 
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4 Top dipole moments 



4.1 Theoretical expectations 

A non-vanishing value for the EDM of a fermion is of special interest as it signifies the presence 
of CP-violating interactions. We recall that the search for the EDM of the neutron and that of 
the electron have intensified in recent years. Since the top is such an unusual fermion, in fact so 
heavy that it is very unlikely to exist as a bound state with another quark, it is clearly important 
to ask: What is its EDM? How can we measure it, if at all? This topic has been of interest to 
many for the past several years. 

In the SM quarks cannot have an EDM at least to three loops [135]. For the electron the 



three loop contribution has been estimated to be dj{0) ~ 10"'^'' e-cm. Simple dimensional scaling 
then suggest for the top the value dj{0) ~ 10~'^^-10~^'^ e-cm, much too small to be observable. 

In contrast, in extensions of the SM, e.g., MHDM's and SUSY models, this situation changes 
sharply and the Top Dipole Moment (TDM)0'0 can arise at the 1-loop level and as a result, the 
typical TDM is of the order of 10"^^ - IQ-^o e-cm which is larger than the SM prediction by more 
than 10 orders of magnitude. The enhancement due to the large top mass is particularly evident 
in some models with an extended Higgs sector for which the dipole moments often scale as m^. 
Since at 1-loop light quarks (or neutron) in these models can get dipole moment of order 10~^^ 
e-cm, the TDM could easily reach lO"^'^ e-cm or even more. It is at that level that measurable 
consequences can arise. 

Because of the unique importance of the top quark it should be clear that measurements of the 
TDM will be extremely important. However, it should also be clear that due to the extraordinary 
short life-time of the top quark (< 10~^^ sec) it will be extremely difficult to actually measure 
the static (i.e., at q'^ = 0) TDM. Measurements of some of the effects driven by the presence of 
a dipole moment form factor may have a better chance. In fact, the TDM may be considered as 
a CP-odd form factor in the "fti, Zti or gti vertex that probes the interactions of a short-lived 
top quark with an off-shell 7,Z or a gluon, respectively, and can be represented by 



= id]^^^9(^s)ut{PtWul5P''Vt{Pt) , (4.1) 

where s = , q = pt + Pt and color indices for were suppressed. Therefore, depending on the 
masses in the loops, the TDM form- factor can also develop an imaginary part (contrary to the 
static EDM of the electron or the quark) if the energy of the off-shell 7, Z or gluon is sufficient 
for the particles in the loop to be on-shell, i.e., there is an absorptive cut. 

Since the dipole moment characterizes the effective coupling between the spin of the fermion 
and the external gauge field, to extract the dipole moment one needs information on the spin 
polarization of the top quark. Fortunately, the left handed nature of the weak decays of the 
top allows us to determine its polarization quite readily. As discussed in section top quark 
decays can analyze the initial polarization of the top quark. For instance in the leptonic decay 
t — > e'^i'eb, in the rest frame of the top quark the top is 100% polarized in the direction of the 
e"*" momentum. This greatly simplifies calculation of the top quark production followed by its 
subsequent decay. The problem is then essentially reduced to calculating the production of a 
polarized top quark. It is then straightforward to fold in the decay to the spin indices of the 
top quark. A serious limitation to be kept in mind about this procedure is that it is only valid 
when the decays are governed by the SM, since they assume the helicity structure of the SM. If 
non-standard interactions make large contributions to the decay, the decay distributions may be 

^Strictly speaking, the term dipole moment refers to the static form factor (i.e., at = 0). Here we wiU mostly 
concern ourselves with the dipole moment form factor at 7^ 0; for simplicity, we will still use the term TDM 
throughout. 

i°We will use the abbreviation TDM in general for d'^-^'" denoting the top quark EDM, weak-EDM (ZEDM) 
and Chromo-EDM (CEDM), unless we need to explicitly separate the type. 
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modified to the point that the polarimetry we have discussed is only approximate. This point 
must be borne in mind when considering the effects of new physics. 

A detailed discussion of the feasibility of extracting the TDM in future collider experiments 
such as e'^e~,pp ti, will be given in subsequent sections. In this section we consider the 
contribution to the TDM which arises in extended Higgs sectors and SUSY models. 



4.2 Arbitrary number of Higgs doublets and a CP-violating neutral Higgs 
sector 

It is instructive to calculate the TDM in models with an arbitrary number of Higgs doublets 
and singlets satisfying NFC (natural flavor conservation) constraints. CP violation arises as a 
result of scalar exchanges between quarks, being driven by the imaginary parts of the complex 
quantities (e.g., Zin) defined as | |77[ |: 



E 

n 

E 



m 



(4.2) 
(4.3) 



H' 



where vi and f 2 are the VEV's of the neutral Higgs fields 4>\ , 02 ^"^^ summation runs over all 
the mass eigenstates of neutral or charged scalars in the theory {H^ or H'^, respectively). Also, 
{x^tlq stands, for any pair of scalar fields, x ^-nd r], for the momentum dependent quantity 



d^x(0|T[x(x)r?(0)]|0)e- 



iqx 



(4.4) 



CP violation in the neutral Higgs sector then generates the dominant 1-loop contribution to the 
EDM of the top, i.e., d/, through the 1-loop graph with the external photon line in Fig. Ha) 
(for this discussion, h = Hn in Fig. |lO|(a) ) . This contribution is given by 
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where 
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arctan 
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if r > 4 



+ arctan 



, if r < 4 



and r = m'j^^/m'^ for any value of n. For r » 4, /(r) approaches ^ ^In^ 
The ZinS satisfy some important sum rules, for example [[77|] : 

9m Zi„ = , 



(4.6) 



asymptotically. 



(4.7) 



so that will vanish if all the neutral Higgs-bosons were degenerate; no such degeneracy is of 
course expected. For illustrative purposes let us assume that the lightest neutral Higgs-boson, 
with mass mh, dominates the sum in Eq. 4.5. Taking m^ = 100 GeV and m^ = 2mt (mf = 175 
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GeV) and setting Q'mZ's to be of order unity, then (£[ is about 1.3 x 10^^^ e-cm and 5.6 x 10"^*^ 
e-cm, respectively. We note that for mh > mt, cQiO) varies slowly with rrih |18]. 

For experimental purposes the top EDM at high may be more relevant. This is given by 



where 



2^/2 
3(4^ 
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2 



mt 



(4.8) 



f{r,s) 



dx 



l-x 



x + y 



(4.9) 



{x + uY + (1 — x — y)r — xys 

For > 4m^, (IJ{q^) develops an imaginary part. In the following section we will present explicit 
numerical results for the real and the imaginary parts of d]{q'^) and df {q"^) in a 2HDM with CP 
violation in neutral Higgs exchanges. In this case, the top CEDM is immediately obtained by 
replacing the photon with a gluon in Fig. |^(a) and, therefore, |e with Qs (the QCD coupling 
constant) in Eqs. |4.5| and 4^. So, df ~ where d] is in e-cm and df in gg-cm. In theories with 



such a Higgs sector many CP violation effects are driven by the top CEDM. The Schmidt-Peskin 
energy asymmetry in pp ^ tt + X followed by top decay is one such interesting effect |20|, and 
we will discuss it in detail in Chapter 0. 
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Figure 10: Feynman diagrams that contribute to the electric and weak top dipole moments in a 
two Higgs doublets model with CP-violating interaction of a neutral Higgs (h ) with a top quark. 



67 



4.3 Expectations from 2HDM's with CP violation in the neutral Higgs sector 



The general analysis given in the previous section holds, of course, for any number of Higgs 
doublets. However, let us now focus on the simplest extension of the Higgs sector. That is, a 
2HDM with CP violation in the neutral Higgs sector driven by a phase in the Higgs-fermion- 
fermion interaction The example that we will explicitly consider here is the type H 

2HDM; however, the analysis can also be applied to type I and HI models with simple redefinitions 
of the couplings (see also section 3^ ) . In this model the dipole moment form factors for the top 
quark start to contribute at 1-loop order via the Feynman diagrams in Fig. 10. The required 
CP-odd phase is provided by the Ti^tt Lagrangian piece in Eq. |]7|, where H^, for k = 1,2,3, 
stands for the three neutral Higgs particles in the model. The couplings a^, bf in Eq. 3.701 depend 
on the three Euler angles, i.e., Q!i,2,3; which parameterize the neutral Higgs mixing matrix and 
on tan/3 which is the ratio between the two VEV's, vi and V2, corresponding to the two Higgs 
doublets of the model (for more details see section 3.2). 

The top EDM and ZEDM within this class of 2HDM's was considered in [17, They can 
be written as 



•^i^) = Y.dlis)9k, (4.10) 



k=l 

-,t 



where gy = 1/2 - 4sin^ 6*1^/3 and in Model II 



Qk = 
9'k 



— a^b^ = RikRsk cot P/ sin P , 

b'lc^ = R3k{R2k COS P + Rik sin /?) cot 



(4.12) 
(4.13) 



The 3x3 neutral Higgs mixing mass matrix R is given in Eq. p. 73 . in Eq. 4.13 is the coupling 
constant associated with the ZZJi^ vertex, see Eqs. 3.71 and 3.72. 



From Fig. |T^(a),(b) and (c) one can extract the functions and 
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(4.14) 
(4.15) 



where Qt = 2/3. The three-point loop form factors C* , x G {11, 12} and i = a,b,c corresponding 



to diagrams (a),(b),(c) in Fig. 10, are given in our notation by 



/^a r-1 I 2 222 2\ 

Cx = Cx{mt,mli^k,rnl,mt,s,m'f) , (4.16) 
and Cxirrii, 7712, m^, Pi, P2, Ps) defined in Appendix A. Analytical expressions for the imaginary 



parts of the three-point loop form factors, C* , may be derived through the Cutkosky rule [17|: 
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[s - (mz + m^fc)^][s - {mz - m-^k)'^] 
The real parts are obtained from a dispersion relation 



(4.22) 
(4.23) 
(4.24) 
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(4.25) 
(4.26) 



Let us now assume again that the masses of the other two neutral Higgs particles are considerably 
larger then the lightest one and, therefore, the lightest neutral Higgs dominates the sums in 
Recall that the CP-violating effects would vanish if the Higgs were degenerate, 
0, due to the orthogonality properties of the neutral Higgs mixing matrix. With 



Eqs 
i.e., 



4.10 and 4.11 



no loss of generality we denote the lightest neutral Higgs by h with couplings gi , g'l , corresponding 
to A; = 1 in Eqs. |4.12 and 4.13 . Also, we scale out the couplings gi,g'i and plot in Figs. |ll|(a),(b) 
and 12 (a), (b) the real and imaginary parts of ^^'^ d!^ (recall that d'^ is the contribution to 
the ZEDM which arises through diagrams (b) and (c) in Fig. [l^) for a variety of Higgs masses, 
mh = 100, 200, 300 GeV and mt = 175 GeV. 

We can see from Figs. |l^(a),(b) that 3ffe(cf7) and 9m((i7) are typically ~ 10^^^ — 10^^^ e-cm 
for m/j = 100 — 300 GeV. The peak in the threshold region, shown in Fig. ^(b), originates from 
a Coulomb-like singularity present in diagram (a) of Fig. 0. This is more pronounced, of course, 
for light Higgs masses. Note that the contribution from the diagram in Fig. 0(a) to Ke(df ) and 
9'm((if) is smaller by a factor of 'igy / Asm. 6yi/ cos 9w — 0.35 than the contribution to ^e[cCl) and 



3'm((i^) as can be seen from Eq. 4.11. 
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As is evident from Figs. |ll| and |12|, ^e{d[ ) and '^m.{d[ ) are typically about one order of 
magnitude smaller than ^e{cQ) and Qm{({J), respectively. Clearly, disregarding the 1-loop form 
factors, this difference is in part due to the different couplings in Eqs. 4.14 and 4.15 . Thus one 
finds 



2Qt sin 9w cos 6w i^^t 

t ^ 2 

9v 



10.7 . 



(4.27) 



Moreover, the difference between the contributions from Fig. 0(a) and Figs. 10(b) and (c) be- 
comes even more pronounced once the 2HDM couplings gi and g[ are included. In particular, 
from Eqs. 4.12 and 4.13 one finds that, for tan /? < 1, 51 oc 1/tan^ (3 and g'l (x 1/ tan /3. Thus, as 
we will show below, the ratio gi/g'i may even become as large as ~ 10 for tan [3 < 0.5. 



In Figs. |T3|(a) and (b) we show the dependence of the real and imaginary parts of dj and d'f 
on the mass of the lightest Higgs-boson m/j. Evidently, the dependence of on m/j is rather 
insignificant, while drops as m/j increases. 

The EDM's of the neutron and electron do not constrain the neutral Higgs mixing matrix 
in any significant way. Thus, as already mentioned above, its matrix elements, which enters 
gi and g'l in Eqs. 4.12 and 4.13| could be of 0{1). Furthermore, for some versions of 2HDM, 
tan/3 < 1 is a viable alternative. In this case \gi\, \g'i\ can even become larger than one, further 
enhancing the dipole form factors. Let us now include the factors gi and g'l in calculating the 
top's EDM and ZEDM. For illustration, we choose three sets for the two Euler angles |^ {o-i, 02} 
and take tan/3 = 0.3. Set I: {01,02} = {7r/4, 7r/2} , Set II: {01,02} = {7r/4, 37r/4} and Set III: 
{«!, 02} = {7r/4, 7r/4}. Note that in Set I gi is maximized, in Set II g'l > 1 and in Set III gi and 
g'l have opposite relative signs such that the contributions of d[^ and d] to df add. In particular, 
in terms of gi and g'l we have 



Set I : 51 ~ 5.8 , g[ ~ 0.48 , 
Set II : 51 ~ 4.1 , g[ ~ 1.14 , 
Set III : 51 ~ 4.1 , 5'i ~ -0.46 . 



(4.28) 
(4.29) 
(4.30) 



In Table I we give the real and imaginary parts of dj and df (the total ZEDM including diagrams 
(a),(b) and (c) in Fig. 10). For illustration, we present numbers for = 100, 200, 300 GeV 
and ^/s = 500, 1000 GeV. We see from Table |2| that d] ranges from a few xlO~^^ e-cm to 
a few xlO"^*^ e-cm. Also, as expected, df is typically smaller by about a factor of ~ 3 — 4. 
The imaginary parts tend to be bigger by factors ranging from 2-10 for ^/s = 1000, 500 GeV 
respectively. In passing we also note that the weak dipole moment form factors obtained here 



are about an order of magnitude bigger than that found in [18]. Note that, here also, the top 



CEDM is immediately obtained by replacing the photon with a gluon and, therefore, oC with 5^ 



^^note that in the parameterization of Eq. 3.73 in section 3.2.3, gi and g'l are insensitive to 03 and it is sufficient 
to consider only ai and 02 



70 



Table 2: Real and Imaginary parts of dj and df in units of 10~^^ e-cm, for ruh = 100, 200 and 
300 GeV and for y/s = 500 GeV and y/s = 1 TeV (in parenthesis), tan/3 = 0.3 and Set I,II,III 
means {ai,a2\ = {7r/4,7r/2} , {7r/4, 37r/4} , {7r/4, 7r/4}, respectively. 



Type of moment 
(10-19 e - cm) ^ 


(GeV) JL 


The different Sets of {ai, 02}, tan/? = 0.3 


Set I 


Set II 


Set III 


5Re(d7) 


100 


1.97(3.77) 


1.40(2.66) 


1.40(2.66) 


200 


-3.36(2.26) 


-2.38(1.60) 


-2.38(1.60) 


300 


-4.75(1.27) 


-3.36(0.90) 


-3.36(0.90) 


'^m{d^) 


1 nn 


-23.89(-5.44) 


-16.88(-3.84) 


-16.88(-3.84) 


200 


-16.56(-4.91) 


-11.70(-3.47) 


-11.70(-3.47) 


300 


-11.34(-4.33) 


-8.02(-3.06) 


-8.02(-3.06) 


Ke(df) 


100 


0.62(1.25) 


0.36(0.83) 


0.52(0.93) 


200 


-1.17(0.74) 


-0.87(0.47) 


-0.78(0.57) 


300 


-1.57(0.40) 


-1.04(0.24) 


-1.18(0.33) 


S5m(df) 


100 


-7.96(-1.81) 


-5.41(-1.21) 


-5.85(-1.34) 


200 


-5.45(-1.62) 


-3.58(-1.08) 


-4.12(-1.22) 


300 


-3.64(-1.42) 


-2.22(-0.93) 


-2.91(-1.08) 
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Figure 13: Imaginary and Real parts of dj and d'^ in units of 10 ^'^ e-cm as a function of rrih, 



for (a) ^s = 500 GeV and (b) y/s 



1 TeV and for mt 



175 GeV. 



4:A Expectations from a CP-violating charged Higgs sector 



In models with three or more Higgs doublets p5| , |11C| ] , it is also possible to have CP violation in 
the charged Higgs sector. In this case a top EDM, ZEDM and CEDM receives contributions from 
diagrams in Figs. 14(a) and 14(b) with q' = {d,s,b}. In the case of the 3 Higgs doublet model 
as considered for example in section 3.2.4| we may express the coupling of the lighter charged 
Higgs-bosons, say H2 = H~^, to the third generation of quarks as (see also Eq. 3.88 for our 
notation) : 



if,H+ = Ktb {mtl32tRbL + mba2tLbR) + h.c , . (4.31) 

where K is the CKM matrix (we will assume that Ktb ~ 1); (^2 and 02 are complex parameters 
of the model (for a more complete description of these parameters see section [3.2.4 ). Also, we 
neglect contributions from the H^td and H^ts couplings as those will yield a TDM smaller by 
a factor of ~ (md/mb)'^ and ~ {nis/mb)'^, respectively, compared to the TDM coming from the 
H^tb Lagrangian piece. 

The CP violation in this case is proportional to the quantity 9m(y) where V = {[32012) ■ We 
denote the coupling of a vector-boson to the 6-quark by 



and the coupling of a vector-boson to the pair of charged Higgs by 

iC^{pH+-pH-Y , 

where ph± are the in-going momenta of the charged Higgs-bosons. 



(4.32) 



(4.33) 
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In 1 141] we have calculated the contribution of the charged Higgs exchanges in Figs. |l^(a) and 
14(b) to the 6-quark dipole moment. The top EDM, ZEDM or CEDM given by these diagrams 



may, therefore, be extracted from [141] by the replacement rrih mt and are thus given by 



/TAN "^Z 



Att sin'' 6w 



m 



w 



(4.34) 



where C*, x £ {0,12} and i = a,b, are the three-point loop form factors corresponding to 



diagrams (a),(b) in Fig. 14 such that 



/-< I 2 2 2 2 2\ 

/ 2 2 2 2 2\ 



Here s = {pt + Pt)'^ and Cx is defined in Appendix A. Also 
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'1 



2 sin 6w cos 9w \ 2 



i + ^ sin^ Ow^ , Cf = ecot 2^^ , 



— 9s 1 



H 







(4.35) 



(4.36) 

(4.37) 
(4.38) 



where e is the electric charge, Qs is the strong coupling constant and 9w is the weak mixing angle. 
Note that in the case of the gluon, i.e., the CEDM, only Fig. [T^(a) enters as the gH~^H~ coupling 
is absent. 

Using mH+ = 200 GeV (also rrit ~ 175 GeV) and denoting dj'^'^ = '^m{V)6]'^'^ (s) we find 
that for 500 GeV < ^ < 1000 GeV 



QmS^'^'^ , 3f?e(57'^'^ < few x 10" 



22 



cm, gs — cm 



(4.39) 



where, in fact, for ^ = 1000 GeV, SRe^/'^ < lO^^s 

e — cm. Moreover, as mjj+ is increased the 
TDM drops rapidly and, for example, for 171^^+ = 500 GeV, we find that, typically, '^m6^'^'^ and 
5?eJ7'^'^ smaller than ~ 10"^'^ e-cm or gs-cm. Such small TDM, residing in charged Higgs 
exchanges, is expected simply by comparing 6]'^'^ above to the corresponding terms for neutral 
Higgs exchanges which were given in the previous sections. In particular, one can immediately 
observe that the contribution to the TDM from charged Higgs exchanges is naively suppressed 
by a factor of (mb/mt)'^ with respect to the neutral Higgs exchanges wherein the TDM was 
found to be typically at the order of ~ 10~^^ e-cm. 

Let us briefly consider what constraints can be placed on the parameter, 9m(y), by use of 
the experimental results on the EDM of the neutron (NEDM) and on the decay 6 — > 57. For our 
discussion we will simply use the bound given in ]124[ on the NEDM 



(4.40) 



dl < 10^2^ e-cm 



Using our previous results given in Eq. 4.34 one can deduce an expression for the electric dipole 

Making the simplifying 



moment of the light {u, (i)-quarks in the charged Higgs model (see ]]141] 
assumption that the NEDM equals that of its valence quarks one finds (as has been noted before 
]|45[] ) that there is significant uncertainty from the numerical value of the mass of the light quark 
to be used in the above formula. For the purpose of obtaining an upper bound on 9m(y) we 
can take the current mass to be ~ 10 MeV. Then for mt = 180 GeV, mff+ in the range 200-500 
GeV, we find from Eq. 4.4C and using Eq. 4.34 for the light n, d-quarks that 3'm(y) < 10 ]141]. 
The experimental data on the decay b ^ sj can also constrain this parameter. In particular, it 
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was shown in 113| that, for mu+ = 200 — 500 GeV and neglecting the effects of the second 
charged Higgs of the model, a conservative upper bound of 



9m(y)<3-9, (4.41) 

can be placed from the CLEO measurement of the decay rate olh ^ (see also discussion in 
section |3.2.4| )|'^ It turns out, however, that even when using 9m(y) = 10, in conjunction with 
numerical values for 5l'^'^{q^) as given before, the TDM is expected to be < 10~^^ e-cm in this 
class of charged Higgs mediated CP violation. Thus, it is typically smaller by at least an order 
of magnitude than what one would expect from CP-violating neutral Higgs exchanges and from 
the MSSM (see the following section). 

Finally, it should be noted that in any given MHDM with new mechanisms of CP violation 
in the charged Higgs sector, i.e., three and more Higgs doublets, the neutral Higgs sector will 



also acquire new CP-violating phases which in general cannot be screened (see section 3.2.4). 
Therefore, as was already mentioned before, in the top quark case, CP-violating neutral Higgs 
exchanges dominate the charged Higgs by a typical factor of ~ (mt/mfe)^. One power of (mt/m;,) 
originates from the ratio between the neutral and charged Higgs couplings to fermions and another 
power of {mt/rrih) comes in from the necessary mass insertion in the propagator of the fermion 
in the loop. Thus, the charged Higgs contribution is negligible compared to one from a neutral 
Higgs. Note, however, that in light quark systems charged Higgs exchanges are expected to yield 



the dominant CP-violating effects since the above argument is basically reversed [141 



^^We note, however, that the limit on Sjm(l/) gets weaker as the masses of the two charged Higgs approach 
the same value, due to a GIM-like cancellation of the CP-violating effect mediated by the two. For example, if 
= 350 GeV and the mass of the second charged Higgs is ~ 500 GeV, then Q'm(l/)>^10 does not contradict 
the upper bounds on 6 s-y, and, of course, no such limit exist at all if the two charged Higgs are degenerate js^ . 
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Figure 14: Feynman diagrams that contribute to the electric, weak and chromo- electric top dipole 
moments due to CP-violating interactions of a charged Higgs with a top quark. V = (also 
V =gluon in diagram (a)) and q' stands for d, s or b-quark. 
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4.5 Expectations from the MSSM 



Within the MSSM the TDM can also arise already at 1-loop even without generation mixing. As 
was mentioned in section |3.3| , in general, the required CP-violating phases are provided by the 
chargino and neutralino mixing matrices as well as the squarks qi — Qr mixing matrices. If one 
assumes GUT-scale unification which leads to a common gaugino mass at the GUT-scale, then 
the phase in the gaugino mass term can be rotated away, leaving the gaugino masses phaseless 
at any scale. Thus one is left with only three phases (neglecting generation mixing between the 
squarks) relevant for the TDM at the EW-scale; a^, at and Ob which arise from the Higgs mass 
term /x and the stop and sbottom mixing matrices, respectively (for the definitions of a^, at and 
Ob see Eq. 3.123 in section 3.3.2| ). We recall (see Eqs. 3.122 and J3.121 in section 3.3.2 ) that, for a 
sfermion /, it is useful to adopt a parameterization for its fi — mixing such that the sfermions 
of different handedness are related to their mass eigenstates through the transformation 



cos sin Off2 

e^^^ sin0//i + COS0//2 , 



(4.42) 



where /i^2 are the two mass eigenstates (i.e. physical states) and the phase /?/ is related to the 



phase a J by Eq. |3.123| . The contribution to the CP-violating TDM which arise from the above 
/l ~ /i? mixing matrix will always be proportional to the quantity (see also Eq. 3.126) 



e^p = 2|e}| =sin20/sin/?/ . 



(4.43) 



Clearly, from Eq. 4.42 we see that — > if the two sfermions are nearly degenerate. 

In the MSSM the TDM can therefore acquire a non-vanishing value through the Feynman 
diagrams depicted in Fig. [l^. One can then distinguish between the following three contributions: 

1. Gluino contribution, with it*g in the loop (see Fig. p^(b)). 

2. Chargino contribution, dj^'^+j, with x^x^h (see Fig. [T5|(a)) and hh*x^ in the loop (see 



Fig. 15(b)). 



3. Neutralino contribution, f^J^'^o)) with xpxpi (see Fig. [T5|(a)) and ti*y^ in the loop (see 



Fig. 0b)). 

The gluino contribution was considered in [142, |143| , 144, 145 1. It is 



22^ 

Hi ' 



6tt sin 9w cos 9w 



(4.44) 



{ (cos^ Ot - \ sin2 Ow) {Cl^ + C\l - Cf - + 
sin^ Ot-^ sin2 dw^ (q'' + Cll - Cf - Clt) | , 
where the three-point 1-loop form factors, C^-', x G {0, 11} and i, j = 1, 2, are given by: 



(4.45) 



/-( / 2 2 2 2 2\ 



(4.46) 



and Cx is defined in Appendix A. Also, 9t and are defined in Eqs. 4.42 and 4.43| , respectively. 
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The chargino contribution was given in |146]: 
^ _ aYt 



where 



m,j=l 

{(1 - (-)'" COS 29h) ^m[UjiVj2] + 

Yk{-rsm29tQm[U,2Vj2e"''']} , (4.47) 
' iDvr sm^ 8w cos Ow ^ ' 



m,j,k=l 

{(^6jk{l + 2cos20H^) + \Uki\^ - \Vk2\ 



(1 - i-r cos 29h) Qm[UjiVj2] + nl")"" sin 29h 9m[[/j-2^i2e*' 
- n(l - sin 9m[C/,-2y,-2e'^'']} , (4.49) 

mtYbsm29b'im[U^^Ui2e''^'] x 



m=l 

2 



■YA;,r?in 

k,m,n=l 

^ sin2 + i(l - (-)" cos 20^; 



{(!_(_)- cos 20fe) 9m[C/fciyfc2] + 

n(-)"^sin2e6 9m[C/fc2Vfc2e*'''']} , (4.51) 



-mtYk sin 2^6 ^ (c^Y^ + C^^'^ - 2Cf^^2 - 20^^ 

k=l 

<^m[UtiU,2e"'''] , (4.52) 



where m, n are sbottom indices and j, k are the chargino indices. Thus, the above three-point 
1-loop form factors C^'™" and C^'^^ for m, n = 1, 2 and ^ = j or A; = 1, 2, x G {0, 11, 12, 21, 23} , 
are given by 



Cf'™" = C,{ml^,ml ,ml ,mls,mf) , (4.53) 

X£ 

CT''" = C,{ml ,ml+,ml^,mls,mf) , (4.54) 
and Cx is defined in Appendix A. Also, It and 1^ are the top and bottom Yukawa couphngs 

y, = ^^^ , n = ^^^, (4.55) 

V2miysmp yzmvy cos p 

and, as usual, tan/3 is the ratio between the VEV's of the two Higgs doublets in the theory. 
Furthermore, note that the phase a^, although not explicitly appearing in the above, is contained 
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in U and V which are the 2x2 matrices that diagonahze the chargino mass matrix and, in the 
notation used in section j.3.2| , we have U* = {Z~)^ and V* = Z'^ . The definitions of and Z~ 



are given in section 3.3.2 by Eqs. 3.127 - 3.134 



The neutralino contribution was also given in 

a 

127r sin^ 6\y 



where 



4 2 

j7 ^ \ ^ \ ^ / ^k,mm , ^k,mm 



k=l m=l 

2 — f^, f* ^p-iPt 



X 



sin26't9m[(/iifc - fLkfRk)e 
(l_(_)-cos2et)9m[/iifc/2fc]- 

{l + {-rcos20t)Qm[hLkfRk]} , (4.56) 
(2/0 + 2/0 + 5? + .°) , (4.57) 



a 



IGtt sin cos 6w 



X 



/? = ^ E E {cu'" - cTi'' 

j,k=l m=l 

{{-rsm2etQm[0],{fLjrnk " fLkf*Rj)^-'^'] 
_(1 + (-rcos29t)Qm[0%ihl^f*^, - hlJl^)] 

_(1 _ {-rco^29t)'^m[0%{hL,fh - hLkfl,)]] , (4.58) 
/2 = ^m, ^ ^ (CI^'^'^ + ^ - 2C7ir - 2a 



2 ■ , 1 

j<k m=l 



{2(-)'- cos 204 9m[/iL,Ojfc/iIfc] 

-2(-)-sin20t9m[(/2^. - f R,)0%hUe'P^] 
+(1 - (-)'-cos204)9m[/2^.O;fc/ifc] 

+(l + (-)™cos20O9m[/«,O^,/^,]} , (4.59) 
1 ^ 2 

\ ^ \ ^ / ^k,mn , ^k,n 



2 

fc=l m,n=l 



(_)-(_ sin2 0^y5„„ - (1 - (-)"cos20i))9mPi, - /i^/^Je 
-(^sin2 0^y,5„„(l + (-)'"cos20t) - (-)-+" sin2 2et)Qm[hLkfRk] 

- sin2 OwSmn " (1 " (")" COS 29t)) (1 - (-)'" cos 2et) X 

9m[/i,.fc/2fc]} , (4.60) 

4 

S2 = mt sm 2et {C^{ + - 20^^ - 2C23 j x 
fc=i 

9m[/iI,(/£,-/«fc)e^^^] . (4.61) 

For the neutralino contribution above, m, n are stop indices and j, k are the neutrahno indices. 
Thus, the above three-point 1-loop form factors, Cl'*"" and CJP'^^ for m,n = 1,2 and £ = j or k = 
1,2, X e {0,11,12,21,23}, are given by 

Cf.'-" = a(m|o, m?^, m?^, m2,s,m?) , (4.62) 
C:^'^" = a(m?^,m|o,m|o,,m2,s,m2) , (4.63) 
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and Cx is again defined in Appendix A. Also, /^j, f^k are gaugino couplings and hLj are higgsino 
couplings that contain the large Yukawa coupling Yj. O'-^ contains elements of the neutralino 



mixing matrices. The factors /^j, /^fc, hij, O"^ are all given in |14£]. 

In order to be able to estimate the size of the TDM one has to choose a plausible set of the 

cos at, cos Ob and the phases 



SUSY masses and parameters involved, i.e., 7712, ^J■^ tan/?, 
a^, (3t and (3h- A reference set of parameters was chosen in [146|: 



7712 = 


230, 360 GeV 




= 150 GeV 


bi 

"^b, = 


270 GeV 


l/^l = 


250 GeV 




= 400 GeV 


280 GeV 


tan/3 = 


2 


Ot 


TT 

~ 9 


Ob = 


TT 

36 




47r 
3 


Pt 


TT 

~ 6 


Pb = 


TT 

3 



Note that with a common gaugino mass at the GUT-scale all the low-energy gaugino mass 
parameters are related and are proportional to 7712 - the SU(2) gauginos mass term at the GUT- 
scale. For example, nig 3?fi2 (for more details see section |3.3| ). 

The real and imaginary parts of the top EDM and ZEDM, including all contributions in 
diagrams (a) and (b) in Fig. [l^ (i-e., gluino, chargino and neutralino contributions), with the 
above set of the relevant SUSY parameters and as a function of the cm. energy of the collider, 



^/s , are given in Fig. IC. We see that, typically: 



3f?ed7'^(s) , 9md7'^(s) ~ lO'^o - lO'^^ e - cm . (4.64) 
Note that this results is about one order of magnitudes smaller than what is expected in the 



2HDM discussed in section 4.3. 



Consider now the low energy MSSM scenario described in section 3.3.4. There we have 
taken — > 0, motivated by the experimental bound on the NEDM which strongly implies that 

< 10~^ — 10~^. Moreover, all squarks except from the light stop were assumed to be degenerate 
with a mass Ms- It is instructive to evaluate the TDM in this limit in which the only relevant 
CP-odd phase resides in ti — tji mixing and is proportional to sin Pt (or equivalently to sin at 
- the phase in the top trilinear soft breaking term At). In this framework = since the 



two sbottom particles are degenerate. Moreover, d7/'?o-i gets its contribution only from terms 



proportional to sin f3t in Eqs. 4.5(: - 4.61 where, in general, one finds that dX'?o\ < d'Jf?^. Thus, in 



this scenario the TDM can be approximated by considering only the gluino exchange diagram in 
Fig. 15(b) for which only the masses m.^_^,m^^ and rrig are relevant. 



In Figs. 1^ and [1^ we have plotted the imaginary and real parts of d^^'-^ in the above MSSM 

scenario with = 1 and with the approximation d]'^ ~ ^t{§)^ ^ function of ^/s, rrig and m^^ 
(the light stop mass), respectively. Our reference set of masses for these figures are m^^ = 50 
GeV and m^^ = m-g = 400 GeV. We again see that, typically, 5Re, 3=m((i7'^) ~ IQ-^o - lO'^^ 
e-cm. From Fig. |l^(a) we see that there is a small enhancement in the imaginary part of the 
TDM as the gluino mass gets smaller and, for example, we find |3'm((i/)| ~ 3.25 x 10~^^ e-cm for 
rrig = 200 GeV. Fig. |l^(b) illustrates how the TDM vanishes when the two stop mass eigenstates 
are degenerate, i.e., m^^ = m^-^ = 400 GeV. 

It is important to note that within the MSSM, unlike in MHDM cases, the top CEDM cannot 
be calculated simply by replacing the off-shell photon with an off-shell gluon. The reason is that 
SUSY models give rise to an additional ggg coupling (i.e., gluon-gluino-gluino coupling). Thus, 
in addition to replacing the photon with the gluon in Fig. ^(b), a full calculation of has to 
include the additional diagram with ggt in the loop. This effect was considered in the context of 
CP violation in pp ^ ti + X by Schmidt [|147| , and we will return to it in Chapter |^. 
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(a) (b) 

Figure 15: Feynman diagrams contributing to dj and df: (a) with two fermions and one scalar 
in the loop, (b ) with two scalars and one fermion in the loop. 
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Figure 16: (i^(s) and df{s) (note that df{s) = 2 cos'lwsin 9w units of 10 '^^ e-cm, for the 
reference parameter set with 7712 = 230 GeV. Note that in (a) Qm.d^{s) (full line), Qmdf{s) 
(dashed line), and in (b) ^edj{s) (full line), ^edf (s) (dashed line). Figure taken from 114^1 - 
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Figure 17: Imaginary (a) and Real (h) parts ofd] and df, due to only the gluino exchange diagram 
depicted in Fig. \l^(b), in units of W~^^ e-cm and as a function of \/s. We use: m^_^ = 50 GeV, 
= rUg = 400 GeV and mt = 175 GeV. 
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Figure 18: Imaginary (a) and Real (h) parts of d] and df , emanating from only the gluino 
exchange diagram depicted in Fig. ^^(h), in units of 10""*^^ e-cm and as a function of the gluino 
mass nig. We use: -y/i = 500 GeV, m^^ = 50 GeV, m^^ = 400 GeV and mt = 175 GeV. 
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Figure 19: Imaginary (a) and Real (h) parts of d] and df , emanating from only the gluino 
exchange diagram depicted in Fig. ^^(h), in units of 10~^^ e-cm and as a function of the light 
stop mass m^^. We use: ^/s = 500 GeV, m^^ = nig = 400 GeV and mt = 175 GeV. 
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4.6 Top dipole moments - summary 

In this section we have performed a detailed investigation of the top quark dipole moments in 
models beyond the SM in which new CP-violating phases appear rather naturally. The models 
that we have considered are MHDM's and the MSSM. In Table |3| we summarize our numerical 
results for the expected TDM within these class of models and for comparison we also write the 
expected size of the TDM in the SM. For illustration, for each model the TDM is evaluated by 
setting the corresponding CP-violating quantities to plausible representative values, compatible 
with existing experimental limits if any. 

Let us also summarize below the salient features of the CP-violating mechanisms of these 
models which give rise to a non-vanishing TDM, and specify our choice of values used in Table ^ 
for the CP-violating quantities of each model. 

• MHDM's: 

In general one can distinguish between two types of Higgs mediated CP-violating contribu- 
tions to the TDM in MHDM's: 

1. TDM from neutral Higgs exchanges: 

In any MHDM with or without NFC and with new CP-violating phases in the neutral 
Higgs sector, the neutral Higgs-fermion-fermion interaction Lagrangian may be generically 
expressed as (say for h - the lightest neutral Higgs) 



The hZZ vertex which is also needed for calculating the TDM in the case of 1-loop neutral 
Higgs exchanges is given by (see Eq. ^?flD 



hZZ 



9W 



m 



(4.66) 



w 



The CP- violating TDM then arises from the interference between the scalar, a^, and the 



pseudoscalar, b^, couplings in Eq. 4.6E and the interference between the scalar, aj*, and the 
hZZ coupling oc in Eq. 4.66 , 

The numbers in the fourth column in Table ^ are given for masses of a neutral Higgs in the 
range 100-300 GeV (assuming that the masses of the other neutral Higgs particles in these 
models are much heavier) for 



1 



(4.67) 



and they hold for any MHDM, i.e., a 2HDM of type I and II with NFC, a 2HDM of type 
HI with FCNC in the neutral Higgs sector or for three or more Higgs doublets which have 
the generic htt interaction Lagrangian in Eqs. 4.65 and 4.6(^ . 

2. TDM from charged Higgs exchanges: 



In models with three or more doublets the charged Higgs sector can acquire new CP- 
odd phases which can give rise to the CP-violating TDM. Again, one can parameterize 
a generic (assumed lightest) charged Higgs-up quark-down quark CP-violating interaction 
Lagrangian, which will appear in such models, as 
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^^H+ud = — Kud {muP2URdL + mda2ULdR) + h.c. , (4.68) 
V^rnw 

where K is the SM CKM matrix and u and d denote charge +2/3 and —1/3 quarks, 
respectively. The CP- violating TDM will then be proportional to 9m(y) = 9m(/32a2)- 



As mentioned before, the interaction Lagrangian in Eq 4.68 is not the only source of CP 



violation in this class of models and one also has to take into account the CP-violating 



neutral Higgs contributions arising from the hff coupling in Eq. 4.65 , In fact, for the 
TDM we find that the CP-odd effect from a H^th coupling in Eq. 4.68 is much smaller, 
i.e., typically by a factor of ~ {mi,/mt)'^, than the one from the htt coupling in Eq. 4.65 . 

The numbers in the fifth column in Table ^ are given for masses of the charged Higgs in the 
range 200-500 GeV (again assuming that the masses of the other charged Higgs particles 
of these models are much heavier and therefore their contribution is negligible) and for 

Qm{V) = 5 , (4.69) 

and they represent only the charged Higgs contribution to the TDM in any MHDM with 



three or more doublets, which have the generic H^tb interaction vertex in Eqs. 4.65 



MSSM: 

In the MSSM, as was shown in the previous section, if one neglects the phase in the Higgs 
mass parameter ^ (as strongly implied from the existing limit on the NEDM) and the 
small mass splitting between the left and right superpartners of the light quarks, then the 
dominant contribution to the TDM arises from 1-loop gluino exchange. In that case the 
TDM emanates from ti — tn mixing and is proportional to the CP-violating quantity 

= sin(20t) sin(A) , (4.70) 

where the angle (3t represents the CP-phase in the soft trilinear breaking term associated 
with the top, i.e. At. 

The numbers in the sixth column in Table ^ are given for gluino masses in the range 200-500 
GeV, for 

C^P = 1 , (4.71) 

and for 

= 50 GeV , (4.72) 
= 400 GeV , (4.73) 

where m^^ ^ are the masses of the two stop mass-eigenstates. They therefore represent only 
the dominant gluino contribution to the TDM in any low energy supersymmetric framework 
in which all squarks except from the stop are degenerate and the phase in the Higgs mass 
parameter, /i, is neglected. 
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Table 3: The contribution to the top quark EDM (dj{s)) and ZEDM (df{s)) form factors, in 
units of e-cm, at s = {pt + Pt)'^ = 500^, 1000^ GeV^, for the SM (where it is a purely guess- 
estimate) and for some of its extensions. 4th column shows results for neutral Higgs exchanges 
in any MHDM's with a CP-violating htt coupling of the form {gw /V^){mt/'mw){d't + 'ibflb), 
an hZZ coupling gw{'m''z/^w)^^9^i-'^ ^^'^ ^^^'^ = = = 1. 5th column is for charged 
Higgs exchanges in any MHDM's of three or more doublets with a CP-violating H~^tb coupling 
of the form {gw/V^m\y) [mtUt{l + 75)/2 + mi,Ui){l — 75)/2] and with '^m{UtU^) = 9m(y) = 5. 
Only the contribution from the lightest neutral or charged Higgs is retained. 6th column shows 
the results for the MSSM where only the dominant 1-loop gluino exchange diagram with gluino 
masses rUg = 200—500 GeV is considered, in which CP violation arises from tL—tn mixing and is 
proportional to = sm{29t) sin{(3t), where Of and (3t are the angle and phase that parameterize 
the ti — tR mixing matrix. The numbers are given for = 1 and for stop masses of 50 GeV 
(light stop) and 400 GeV (heavy stop). 



type of moment 
(e — cm) J| 


(GeV) 4 


Standard 
Model 


neutral Higgs 
ruh = 100 - 300 


charged Higgs 
mH+ = 200 - 500 


Supersymmetry 
m-g = 200 - 500 


|3m(d7)| 


500 
1000 


< 10-30 


(4.1 - 2.0) X 10-'" 
(0.9 - 0.8) X 10-'^ 


(29.1 - 2.1) X 10-^^ 
(15.7 - 1.0) X 10-^^ 


(3.3 - 0.9) X 10-'" 
(1.2 - 0.8) X 10-^^ 




500 
1000 


< 10-3° 


(0.3 - 0.8) X 10-'" 
(0.7-0.2) X 10-^" 


(33.4 - 1.5) X 10-^^ 
(0.3 - 2.7) X 10-^^ 


(0.3 - 0.9) X 10-'" 
(1.1-0.3) X lO-^** 


|am(df)| 


500 
1000 


< 10-30 


(1.1-0.2) X 10-'" 
(0.2 - 0.2) X 10-'^ 


(15.8 - 2.5) X 10-^^ 
(9.2 - 1.2) X 10-^^ 


(1.1 - 0.3) X 10-'" 
(0.4 - 0.3) X 10-^^ 


|Ke(df)| 


500 
1000 


< 10-3° 


(1.6-0.2) X 10-'" 
(0.2 - 1.4) X 10-'^ 


(22.9 - 0.8) X 10-^^ 
(0.6 - 1.9) X 10-22 


(0.1 - 0.3) X 10-'" 
(0.4 - 0.1) X 10-^^ 
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We observe from Table ^ that the expected magnitudes of the real and imaginary parts of the 
top EDM and ZEDM in these models for masses in the loops of, typically, several hundreds GeV 
and energy scales of 500 - 1000 GeV are 



Neutral Higgs : Smd^'^ ~ few x 10~2° - 10"^^ e - cm , (4.74) 
3f?ed7'^ < 10-19 e - cm , (4.75) 



Charged Higgs : QmdJ'^ ~ few x lO'^^ - lO^^^ e - cm , (4.76) 



^fiedj'^ ~ few X lO-^^ - 10~^^ e - cm , (4.77) 



Supersymmetry : QmcQ'^ ~ few x 10 — 10 e — cm , (4.78) 

^ed]'^ < 10-^^ e - cm . (4.79) 

The top CEDM df, given in units of ^^-cm, can be estimated within these models as follows: (i) 
In the neutral Higgs exchange case it is simply given by multiplying d^ by 1/Qt, where Qt = 2/3 
is the top quark charge, (ii) In the charged Higgs case one cannot simply replace the off-shell 
photon with an off-shell gluon and df has to be explicitly calculated from Eq. 4.34| . Nonetheless, 



we find that df /{gs-cm) ~ (i//(e-cm). (iii) In the MSSM case it is also not possible to extract 
the top CEDM from the top EDM by the simple exchange of a photon with a gluon since there 
is an additional graph with two gluino propagators in the loop coming from a new ggg coupling. 
We have not estimated this additional contribution here. 

To conclude this section, we have shown that in MHDM's with CP violation in the neutral 
or the charged Higgs sector and in the MSSM, the TDM is always bounded to be smaller then 
about ~ 10-1^ e-cm. This is rather discouraging since, as we will see in the next few sections, the 
attainable limits on the TDM that can be obtained in future e~^e~ and hadronic colliders seem to 
fall short by about one order of magnitude compared to the above model dependent expectations 
for these quantities. 

Basically, the strategy that we will describe in the following chapters for such investigations 
of the various TDM in future colliders is to incorporate an effective Lagrangian approach which 
elaborates new effective interactions of a dipole moment type at the tt'y,Z,g vertices, with di- 
mensions greater than 4 which can provide for a model independent investigation of new physics 
beyond the SM. The effects of such phenomenological vertices can then be studied in future e~^e~ 
and hadron colliders. Of course, a hadron collider is appropriate for the study of the top CEDM 
and is not a very good environment for studying the top EDM and ZEDM couplings to a photon 
and a Z-boson; the EDM and ZEDM will obviously be masked by the gluon dynamics which will 
govern top quarks production in a hadronic collider. Therefore, a more natural place for such 
studies will be an e'^e~ collider. We will discuss later the feasibility of extracting information on 
the various TDM's in both hadron and e~^e~ colliders through an investigation of CP-odd and 
even CP-even observables, e.g., cross-sections. It should be noted that the information that can 
be obtained on a CP-odd quantity by studying its effect on a CP-even observable is much less 
than what might be learned about the various EDM's of the top by measuring a non-vanishing 
CP-odd observable driven by these CP-odd effective couplings. In particular, folding into a given 
amplitude the various CP-violating EDM interaction terms, the corresponding differential cross- 
section will acquire a CP-odd piece driven by the interference of the tree-level process with the 
EDM's interactions (to leading order only one EDM effective coupling has to enter in each dia- 
gram). Then with an appropriate CP-odd observable, which linearly depends on the EDM of the 
top, one can, in principle, analyze directly and separately the possible CP-violating effects that 
can arise from each EDM interaction in collider experiments such as e~^e~ or pp — > tt. We will 
discuss CP-violating effects in these reactions in the following chapters. 
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5 CP violation in top decays 



In this chapter we discuss CP violation in various top decays. In particular, we will consider 
two-body decays, i.e., t — > dkW, with k = 1,2, 3, the generation index, three-body decays as well 
as radiative decays. The following CP-violating asymmetries will be reviewed (not for all decay 
modes) : 

• PRA (Partial Rate Asymmetry). 

• PIRA (Partially Integrated Rate Asymmetry). 

• Energy asymmetry. 

• r polarization asymmetry. 

Although the r polarization asymmetry tends to be the largest effect in models with CP violation 
phase(s) in the charged Higgs exchanges, for the sake of generality and completeness, we will first 
discuss the other effects. Asymmetries such as top polarization asymmetry, although intimately 
related to the top decays, but for which most, if not all discussions in the literature are specific 
to the production process, are discussed in Chapters ^, |^ and ^. Models included are: 

• SM (Standard Model). 

• 2HDM (Two Higgs Doublet Model). 

• 3HDM (Three Higgs Doublet Model). 

• MSSM (Minimal Supersymmetric Standard Model). 

Only PRA's are considered within the framework of all the models, while only the predictions of 
the 3HDM for t hrur are presented for all the above asymmetries. 

In addition, for the PRA, the Form Factor (FF) approach to the thW vertex will be presented. 
In this approach, the FF's can assume complex values, thus emulating physical cuts in higher 
order Feynman diagrams, leading to non-vanishing CP-odd, T/v-even observables such as PRA. 



This can be contrasted [148, 21, 149|, with the effective Lagrangian approach, assuming that 
all new particles lie above mt, where the coefficients are real. There, only Tjv-odd CP-violating 
asymmetries can emerge |150(] . 

All CP-violating top decay asymmetries, within the SM, that have been studied so far are 
found to be too small to be measured. The same conclusion holds for CP-violating top production 
asymmetries. This results from severe GIM [23|, or even double-GIM cancellations due to the fact 
that the masses of d, s, h are too small compared to the top quark mass. The obvious conclusion 
is that an observation of CP violation in top quark decays, will serve as a very strong indication 
for the existence of new physics beyond the SM. 

5.1 Partial rate asymmetries 



In most models, the PRA, defined in Eq. 2.27| in section 2.2 is found to be small. This can 



be readily understood, in a model-independent way, from the CP-CPT connection discussed in 
section Let us consider, for example, what seems to be the main decay of the top quark 
t — > bW^ . Due to CPT, to have a non- vanishing PRA, at least one additional decay channel 
should be available for the t. In other words, in the limit that t — > hW becomes the only decay 
channel possible, then PRA has to vanish due to the fact that PRA then tends to become equal 
to the asymmetry in the total widths of t and i which is constrained by CPT to vanish. In the 
SM, by virtue of Vtb — 1, there is very little competition to t ^ hW^ , and the PRA turns out 
indeed to be tiny. Larger asymmetries are obtained for other decay channels, but their rates 
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are too small to result in an experimentally interesting signal. In models beyond the SM, the 
situation is slightly better since there is a possibility for new particles to be produced in top 
decays, leading to the absorptive part necessary for PRA. The largest credibly possible predicted 
PRA, is ~ 0.3% for t bW~^ in the MSSM with low tanP which arises mainly since the top can 
have an appreciable decay rate into a ix^ (i.e. the stop and neutralino final state) in this scenario 
(see below). However, once the window which allows SUSY final states in t decays, such as ix^ 
is closed, then the PRA in top quark decays become vanishingly small in this model too, i.e., the 
MSSM. In the following, we elaborate on some of the issues mentioned above, and more. 

5.1.1 PRA in the SM 

t dkW+ 

CP violation via PRA in the process t dkW~^ , where k = 1,2,3 is the generation index, 
was discussed in [148, 151, 152|. The PRA results from interference of the two diagrams in 
Fig. 2C, i.e. from tree x loop interference, where the loop is the non-diagonal t — uj self-energy. 
By "interference" we actually mean "the difference between interferences for the process and its 
CP conjugated process". The loop contributes the necessary imaginary part 3mS(m?) through 
the cut on diW. One has to sum over and obviously di ^ dk and Uj / t. Before continuing 
to discuss the above contribution of the absorptive part to the PRA, let us digress to show that, 
as stated in [ 151 |, the CP-CPT connection |]3^ , 40, ^ forbids the self-energy of the W from 



contributing to the PRA. This will be shown within the SM; the proof holds for other models 
too, as can be easily generalized. 



d. 




u, 



W 



W 



W 



(a) 



(b) 



Figure 20: (a) Tree-level diagram for t — > d^W (k = 1, 2, 3 for d, s, b). (b) Example of a 1-loop 
diagram for t d^W . 



Consider the case d^ = b (the generalization to = 1,2 is trivial). The result of |151| ] is that the 
PRA in t ^ bW^ comes from the interference of diagram (a) with diagram (b) in Fig. |2^, where 
the absorptive part is provided by the sW cut in diagram (b) (the dW cut is negligible here). 
Thus we can symbolically write that the result of [|151| corresponds to 



T{t bW+) - T{t bW-) = 3?e a.{bW) x 3m h{bW] sW cut) , (5.1) 

where a, b denote the contribution of diagrams (a), (b), respectively, and the arguments of their 
real, 3?e , and imaginary, 3m , parts denote the final state, with the additional information about 
the relevant cut in 3m. Note that the CKM as well as numerical factors are suppressed in 



Eq. 5.1. Now, the rate difference in Eq. 5.1 can be written as 
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r(t bW+) - r{t bW~) = 3?e l{bukdk) x 9m 3{bukdk; sW cut) 

+ 3?e l{b£ue) x 3m 3(6£P^; sM^ cut) , 

(5.2) 

where 1, 3 stand for diagrams (1), (3), respectively, in Fig. Also Ukd^ denote summation 
over all quark pair states that the W can decay into, and means summation over lepton 
generations. Other qW cuts give negligible contributions to the PRA for t bW~^. To prove 
that the PRA contains no term from the interference of diagram (2) with (3), and of diagram (1) 
with (4), we have to show that, after summing over all final state^^ 



SRg 3 X 3m 2 + 3m 4 X 3?e 1 = . (5.3) 

But for a specific final state and cut (say, the bcs final state, with a tz^t- cut) in the 3m 's, there 
is a compensating contribution (say, the brur final state, with a cs cut). Thus, summing, for 
each final state, over all possible cuts on the W line (rescattering excluded), then summing over 
final states, it is easy to show that Eq. holds for t bW. We are thus left with 3?e a{bW) x 
3m h{bW; sW cut), which is, by the way, compensated by 3fie a{sW) x 3m b(sT^; bW cut). 
Let us now recapitulate the calculation of |151[| , for the CP-violating PRA for t bW, defined 

as 



T{t^dkW+) + T{i^dkW- 



(5.4) 



in the SM, with k = 3. The two interfering amplitudes. Fig. 20(a) and 2C(b), have a relative 
CP-odd phase and Fig. ^(b) has the required absorptive phase. They are given by 



-AkJ2v,*V,,V^ 



jk 



2 



S(mf 



(5.5) 
(5.6) 



where 



Ak 



]gw_ 

' V2 



u{pk)ltJiLu{pt)e^ 



(5.7) 



e'^ is the W^-boson polarization vector and L = (1 — 75)/2. The PRA was then found to be 



Ak 



3m {V:,VuVW,k) 



\Vtk\' 



mt 



S(m2) 



(5.8) 



Thus the effect is proportional to the Jarlskog invariant J (recall that J = \^m. (VpjV^k^-ykVyj 
for any /9,7,j and k) as expected, being the only CP-violating parameter in the SM (see sec- 
tion 3.1.2| ), and to the absorptive phase in the self-energy diagram of Fig. pO|(b). Note that the 
asymmetry is doubly-GIM suppressed being summed over both i and j. Therefore, with the 
Wolfenstein parameterization for the CKM elements (see Eqs. 3.13 and 3.14 in section p.l.lj ), 
'^m{Vf*i^VtiV*^Vjk) ~ A^, one expects the leading contribution to be of the form |151]: 



m 



(5.9) 



w 



^Note that near resonance diagrams (2) and (4) of Fig. ^ become 0{g^) and 0(g*), respectively. 
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where Am^ = — and Am^ = rn^ — m^. It was found in |151] that 



= , \' fw{y) V Ck , (5.10) 

independent of the Wolfenstein parameter A. fw originates from the imaginary part of the 
self-energy and is given by 



fw{y) 



y = nit/mw , 



and 



(5.11) 



Cd 



mt 



(5.12) 
(5.13) 

(5.14) 



The largest asymmetry is obtained for = d , Ad — 10"^, requiring at least lO'^^ top quarks! 
Even smaller asymmetries are predicted for t — > sW and t — > bW. Thus the discussion of PRA's 
for t — >■ dkW in the SM is of purely an academic value. Let us note, in passing, that in the SM 
with four generations (a currently unfashionable approach) Ak may be substantially enhanced 



III]. 



t^cV 



The branching ratios for the rare flavor changing processes t 
cZ pa, in the SM are: 4.9 



24, 156 1 and t 



10 



-13 



C7 |24|, p3|, |15^, |l55i, t eg 
1.4 • 10"^^ and 4.4 • 10"^^ respectively. 



The CP- violating PRA's, resulting from the interference of two penguin diagrams, are largest for 
the even rarer (by more than an order of magnitude) decays t — > M7 [155] and t - 

A slightly larger asymmetry is obtained for t ug* — > uuu 



ug [15(:] 



where they are ~ 0.2' 
Three-body t decays 



In the above we have discussed interferences of the type 3m A\oop x 3fJe ^tree > where the loop 
is the off-diagonal t — uj self-energy (in contrast, in the MSSM, see below, "loop" stands for 



■'vertex corrections"), and of the type 9m 



X ^eA^ 



The prime indicates that the 



ipengum " -"-^ - -penguin 

imaginary and real parts of the penguins must have a different weak phase. This is possible since 
three different quark amplitudes are in the penguin graph. PRA in the SM for the six three-body 
top decays of the type 



t — > cqq and t uqq , q = d,s,b (5.15) 

was considered in Ref. |47, 44 1. There, PRA from the interference Q'm74tree x 3fie j4penguin for each 
of the final states in Eq. 5.15 was calculated. This interference is present in top decays due to the 
fact that mt > mw + rrn, , thus endowing the tree diagram with a well-defined CP-even phase 



from the T^-width |48]. Though the VF-width turns a "tree" diagram into a "loop" diagram, we 
will keep loosely calling it as a "tree". The above interference is there in addition to terms of 
the type: Sfte^tree x SmApenguim which are analogous to the interference ||4^ that leads to the 
CP violation in h decays, such as 6 ^ suu (see the discussion in section p.3|). These interferences 
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arise since for each specific channel t ^ q qq, where q = c or u, there are two classes of possible 
paths: 

1. The tree process t qW followed by — > q q. 

2. The 1-loop penguin process t q'g* followed by g* — > qq. 

The two Feynman amplitudes, tree and penguin, have different weak and different strong phases. 
Consequently, the interference of these two channels, provides the necessary condition mentioned 



in section 2.2 for the observability of CP violation. Note that penguin x penguin terms are rela- 
tively small, except in the absence of tree terms. 

The PRA for the three-body decays t ^ q qq where q = c or u and q = d, s,b is 

(•(mt—niq)^ Am? I ) max 



(5.16) 



(m i+rriq)^ J (m , ) mm 



11 



[Twmw SRe {Tj - Tg) - K Sm {Tj - Tg)] 
{q + qriK^ + Tl^ml.) 

where Zy = g\'^ (1 — x){l + x — 2x^) with x = myy/m^, K = nig + m^, + 2q ■ q' — m^y, 

is a lengthy expression for the resulting trace, where j indicates the virtual quark exchange in 
the loop (for which we have used CKM unitarity). Furthermore, F = T]y — T{W q'q), thus 
excluding rescattering , i.e., q'q q'q [Q. The largest contribution to {Tj — Td) is from j = b, 
i.e., (Tf, — Td) >> (Tg — Td). As a result, the asymmetry is completely negligible for the most 
abundant final state, t — > bcb as 9m iV^lVq'hVtbV*,)^) = 0. If one resurrects j = s for t — > bcb , an 
absurdly small PRA, of the order of 10~^^ , emerges. Indeed, despite the resonance enhancement, 
the asymmetries in all the final states are very small. The largest effect is for t dcd. Even 
for this mode the asymmetry is too small to be of any experimental relevance, A ~ 10~^ for 
nit = 180 GeV. 



We briefly note |44| that interferences of the type 3fie(tree)x 3ni(2-loops) , where the higher 



order loops have both a virtual g and a virtual W , for processes such as t — > dei^e, are required 



|39, 4C, 41] to compensate the partial width differences for the reactions in Eq. 5.15 (see Fig g 
and the discussion in section |2.3D . Consequently, from such mechanisms, one gets asymmetries 
of the order of 10~^ for t dcs , and there is even a tiny asymmetry in the SM for the leptonic 
decay t de^Ve- 

5.1.2 PRA in a 2HDM 

In a 2IIDM, there are 5 physical Higgs particles: 3 neutral, Ti^ , k = 1,2,3 and 2 charged ones, 
. If one imposes discrete symmetry [|79[| to avoid FCNC at tree- level, then there is no CP 
violation in the charged Higgs sector, (unlike the case in the 3HDM, discussed below) and CP vio- 



lation then exists only in the neutral Higgs sector (see section 3.2). This class of 2HDM is further 
subdivided into Model I and Model II (see section |3.2.3| ). However, there is a version of 2HDM, 
the so-called Model III (see section |3.2.2| ), where no discrete symmetry is imposed; the model 
then admits tree-level FCNC. In Model III large tree-level FCNC may then be avoided for the 
light quarks by assuming that the couplings hqiqj are proportional to {niimj)^^"^ . Note that 
in the class of 2HDM's with NFC (i.e.. Model I or II), CP violation resides in flavor-diagonal Tl^ 
exchanges; consequently CPT forbids PRA in t — > dkW to arise. In model III PRA in t — > dkW 
need not vanish, though it is expected to be very small due to the small Ti^didj oc yJrndjrTd~ / niw 
coupling {i 7^ j). 
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t dkW+ 



The effect of a charged Higgs with the CKM phase was considered in |151] for t dkW^. 
Assuming 111^+ + rrii < mt, then, since a charged Higgs exchange is added to the W exchange in 
Fig. pO|(b), one has to make the following substitution in Eq. 5.1C| (where a large l/tan/3 = Vd/vu 
is assumed) 



fH{x,y) 



fw{y) fwiy) + '-^Ex^ ■ (5-17) 



fw{y) is defined in Eq. 5.11 and 



X = rrit/mH ■ (5.18) 

Taking into account the experimental bounds on tan /3, there is no increase in the tiny PRA, Ak, 
over what was obtained in the SM. This conclusion also holds for other observables governed by 
a charged Higgs exchange unless the CP-violating couplings to fermions are different from the 
SM. 

5.1.3 PRA in a 3HDM 



The 3HDM (Weinberg Model for CP violation [^]), as described in section 3.2.4, can cause CP 
violation effects, through its CP-violating couplings of a charged Higgs-boson to fermion pairs. 
There are no tree-level FCNC within this model. The physical charged Higgs states are Hf^ and 
H^, where, for simplicity, it is usually assumed that niHi >> "^-^2) thus decoupling Hi from all 
predictions. It is also easy to show that any CP violation asymmetry vanishes for niHi ~ 
through a GIM-like mechanism. 

In the 3HDM, the interesting new phenomenon is the existence of a CP-violating coupling 72 
in the leptonic term in the Yukawa part of the Lagrangian (see Eq. p. 88 ) 



^rnw ^^^^"^^^^^ ^'^^'^'^^'^^^ ^2 + ^-c- ) (5.19) 

where Vtb = 1 is assumed. Note the proportionality to the mass of the charged lepton, which 
prompted studies of CP violation in the reaction t hTUr- The reaction t — > hcs is not that useful 
in view of the difficulty in identifying c, and especially s jets. In addition, the r mode will enable, 
by following the r decay products, measurements of spin related CP-violating observables. 

It is convenient |110|] to parameterize CP violation in the Yukawa couplings with a CKM-like 



matrix (the SM CKM matrix itself is assumed to be real), then (32 and 72 in Eq. 5.1£ are given 
by (see Eq. |3^ ) 

P2 = — , (5.20) 

S1C2 

72 = — , (5.21) 

S1S2 

where Si = sin(^j) and q = cos(6'i), and Oi, 6h are parameters of the model.|^ CP violation will 
be proportional to combinations such as 

3m (U) = 5m (/?^72) . (5.22) 



Note a typographical error in P2 in ||110|. 
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t — > hT~^Ur 



Let us define the PRA 



The lowest order contribution to At arises due to the interference of the SM W mediated tree 



diagram (see diagram (a) in Fig. 22) with the 3HDM mediated tree diagram (diagram (c) in 
Fig. |22|). We assess the contribution of the second graph making two simplifying assumptions: 



(i) mjj+ = « ^H+, this allows us to neglect the effect of the heavier charged Higgs, Hi. 
Furthermore, we also assume that (ii) mjj+ > mt, thus the width becomes irrelevant. At 
will then be proportional to 3ni(H^ — tree) x ^e{H — tree), where, in analogy to our previous 
discussion in section the CP-violating CKM-like angular function was factored out. It 

is easy to see that, because of the chirality miss match, only the longitudinal part of the W- 
propagator contributes to At- In other words, decomposing the VF-propagator in the unitary 
gauge as 



(5.24) 



only SmGi will appear in At [ |158| , 159|. In fact At, obtained from the interference between 
diagrams (a) and (c) in Fig. ^2], is proportional to 



At OC 



"{mt-rrii,)'^ 



(5.25) 



where Gl indicates that tu is missing from to respect CPT invariance and /{q"^) is a phase- 
space function. 



Now, while the transverse part of the W-propagator in Eq. 5.24 resonates, i.e. 



Gt 



(5.26) 



for 

small asymmetry, 10 



m^f, there is no such enhancement for Gl- This is one of the reasons for an extremely 
* '159] or smaller [46|, from tree x tree interference. The other reasons are 



the proportionality of both the Higgs coupling and SmG/, to small fermion masses. PI 

The next logical step is to capitalize on the resonance behavior of QmGr and the fact that, 
unlike SmG^, it is not proportional to small masses, by considering interferences that are higher 
order in the weak interaction coupling constant Thus, PRA from interferences of the type 
(a) X SRe (b) and SRe (c) x 5m (d), is calculated; (a)-(d) denote the diagrams in Fig. where (b) 
and (d) represent all box diagrams. Bremsstrahlung is included, but diagrams yielding At 
for — > 0, see below, were neglected. The asymmetry is then given by 



"9ni(C/)/5127r3mf] / dq'^du^uiGT^e (tree x box) 
r{t -^bW ^ brv) 



(5.27) 



where 9m ([/) is defined in Eq. 5.22 and 



^^While there is agreement in the hterature as to the above facts, there is controversy - into which we do not 
ente r here (due in par t to the fact that it has n o observational consequences) - regarding the form of 9m Gl 



lH, |l59|, [i^, lieil to be inserted in Eq. |!25 
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u = {Pr+Pbf , q'^ = iPu+PTf, (5.28) 

3m Gt = mw^w 29) 

(g2 - m'^y + (Twmw)^ 

with 

Tw = — ^w^Tu ■ (5.30) 
The maximal value of At turns out to be negative, and of order 10~^. Subsequently, the following 



contributions to At, explicitly neglected in |42], were calculated in |159| ]: 

• Since the integration in Eq. |5.25 reaches up to (m^— m^)^, it includes a region with q'^ > m^, 



for which aW — j loop in has to be taken into account. 

• Imaginary parts can also appear in box and vertex diagrams corresponding to t ^ bW. 

Both new terms are non-resonant and do not suffer small mass suppression from fermion loops 
in G^. They turn out to give a large correction, of about 50% and of the same sign, as compared 
to the value of At calculated in [42| using only Gt- The minimal number of t-quarks required to 



observe CP violation in PRA within the 3HDM is - although many orders of magnitudes larger 
than the best leptonic SM result (i.e., t — > d£v |^^) - of the order of lO^'^ — 10^^ and thus not 
very promising. As we will see later, one can do much better in the 3HDM by considering PIRA 
rather than PRA. 

5.1.4 PRA in the MSSM 



An extremely interesting possibility, investigated in |138| , 151, 162, 163 1, is that the CP-violating 
PRA in two-body modes (that was found to be extremely small in the SM, 2HDM and in the 
3HDM) may receive appreciable contribution from new SUSY CP-odd phases. For example. 



consider the PRA ^3 in Eq. 5.4 for the main top decay t bW; the Feynman diagrams that can 
potentially contribute to .A3 in the MSSM are depicted in Fig. 

Recall that since A3 is T/v-even it requires an absorptive phase in the Feynman amplitude. 
This necessitates radiative corrections to the t — > bW to at least 1-loop order and, in particular, 
the SUSY particles exchanged in the loops have to be light enough such that absorptive cuts will 
arise. Of course, in addition to the strong phase from ESI (Final State Interactions), a CP-odd 
phase is needed. We recall that, in the MSSM, with the most general boundary conditions for the 
soft breaking parameters at the scale where they are generated and ignoring generation mixing, 
only three places remain in the SUSY Lagrangian that can give rise to CP phases that cannot 
be rotated away: The superpotential contains a complex coefficient fj, in the term bilinear in the 
Higgs superfields and the soft-supersymmetry breaking operators introduce two further complex 
terms, the gaugino masses m and the left and right-handed squark mixing terms. The latter, 
being proportional to the trilinear soft breaking terms (i.e., the Aq terms) and to fi, may be 



complex in general (for more details see section O). It is clear then that, in general, there are 



many sources of CP- violating phases. Therefore, reliable predictions cannot be made unless we 
make some simplifying assumptions. 



Let us first describe a convenient way to derive the PRA A3. Following |13J], the t — > bW~^ 
and t bW~ decay vertices can be parameterized as follows 



- 5 J^|^^+*f«r)p... (5.32) 
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where ^^^'^ and T^2{k) defined in Eqs. |5.31| and ^.32 , contain the CP-violating phases as well as the 
absorptive phases of the decay diagram (k) {k = a,b,c or d corresponding to diagrams (a),(b),(c) 
or (d) in Fig. |2^ . The important contributions to the 2?'s above are likely to come from those 
diagrams in which one of the two on-shell superparticle is the Lightest Supersymmetric Particle 



(LSP), e.g., the neutralino in our case. Such is the case for diagrams (b) and (d) in Fig. 23. Also, 
with a very light stop (i.e., ~ 50 GeV) an absorptive cut can arise from diagram (a) in Fig. ^ 
if the gluino mass is below ^ 130 GeV. The current experimental bounds on the superparticles 
involved in the loop of diagram (c) in Fig. ^ are already stringent enough that they are unlikely 
to have absorptive parts for nit ~ 175 GeV |13g| ]. 

Let us now write ^3 in the most general case with no assumptions on the masses of the SUSY 
particles and taking into account all four diagrams in Fig. ^ ^ In terms of the scalar 
and vector (^?2(fc)) form factors, the PRA ^3 is given by 



-43 = E 



(^-1) 

2{x + 2) 



{k)j 



m 



(5.33) 



where x = m^/m^ and the sum is carried out over all decay diagrams in Fig. ^ (i.e.. A; = a, b, c 
and d). It is easy to show that if one defines 



AS 



i(fe) 



V. 



~ e""" X e 
e " X e 



iS, 



i(k) 



(5.34) 
(5.35) 



where 5\^^\5l'^^'' are the CP-even absorptive phases (i.e., FSI phases) and 5w'^' ,5w'^' are the 
CP-odd phases associated with diagrams (a)"(d) in Fig. |23, then 



l(k) .2{fe) 



V. 



2(k) 



X e 



-iSl 



2(fc) 



We then get for the scalar form factors in Eq. p. 33 



(5.36) 
(5.37) 



m ^ ^i{b)] 



lid) J 



6 vr 



a 



vrsm Uw 



"9' 
-rrit 



12 ! 



23 



+ m^oO^QmC^ 
a 



vr sin 9w 



nit 



nitO'^^ixi{C^^-a 



22) 



-ni^^Ol^v^(Cl^-Cl2) 
+m^o03cjm(C75 + Ci^; 



+ V 



-ni 



Xm.1 '^Xm 



while the vector form factors in Eq. 5.33| are given byf^ 



An - 



(5.38) 



(5.39) 



(5.40) 
(5.41) 



^In pages to follow we will evaluate A3 within a plausible set of the low energy SUSY parameter space. 



We note that in [ 138] there is a misprint in one of the terms proportional to rriiY in the form factor Sfte (I'2(c 



2(c)) 



The correct form of this term is given in Eq. 5.44 
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- ^2{a) 











3fie {V. 



2(d) 



V. 



2(d); 



, 



a 



24 ) 

2c> 



23) 



TTSm 

1 Q 

2 vr sin^ 



'12) 



2(c) 



2(c) 



)( 



An 



An 



(5.42) 
(5.43) 



(5.44) 



(5.45) 



Here 9mC^, j; G {0, 11, 12, 21, 22, 23, 24} and k 



d, are the imaginary parts, i.e., absorptive 



parts, of the three-point form factors associated with the 1-loop integrals in diagrams (a)-(d) in 
Fig. H. The are given by p^j: 



Cl 



CI 



CI I I I I I l\ 

i 

b-, 



I 2 2 2 2 2 2\ 



'•J. An 

/ 2 2 2 2 2 2\ 

ri t 2 2 2 2 2 2\ 



(5.46) 
(5.47) 
(5.48) 
(5.49) 



and Cx{rn\,rn^,m\,Pi,p'2,p'^) is defined in appendix A. The indices i,j = 1,2 stand for the two 
stop, sbottom mass eigenstates, respectively, and m = 1, 2 and n = 1 — 4 correspond to the two 
charginos and four neutralinos mass eigenstates, respectively; also, mc is the gluino mass. 



The OVs in Eqs. 5.3^-5.45 contain the SUSY CP-odd phases for the decay diagrams and they 



were given in [138|. There, also the required Feynman rules for calculating the above PRA were 
given. For example, O^, for i = 1 — 4, containing the SUSY CP-odd phases which appear in 
diagram (d)^^ are 



-9m(K~Mi) , 
^m^K^M^) , 
9m(K+M^) , 
-9m(K+Mi) . 



(5.50) 
(5.51) 
(5.52) 
(5.53) 



Here we have defined 



I\ = Zjj^ Zj^^ -\ 7=^Ar ^2m ' 



K- 



r72n 17+* 



1 

72 
1 



^/2 



^Af ^2m ' 



(5.54) 

(5.55) 



^As will be shown below, in our case this diagram will give rise to the leading contribution to ^3. 
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^2 Mw sin (3 



+ 



if, 

\\Mw sin 13 



|/72j|2r7+ ryAn* ,/Q|7li|2/7+ r +* \ 



1 / m-t 
^2 VMvysm/3 



(5.56) 



(5.57) 



and 



2n 



(5.58) 
(5.59) 



In Eqs. 5.54- 5.59| , Zt, Z^ and Z^, Z^ are the mixing matrices of the stops, neutrahnos and 
charginos, respectively (i.e., with indices i,n and m), which are defined in section 3.3.2| . 

Obviously, to obtain an estimate of the numerical value of the asymmetry, one needs to know 
the definite form for the mixing matrices and various other parameters. Not knowing these makes 
it very difficult to give a reliable quantitative prediction for the asymmetry. Therefore, one has 
to choose a reference set of the SUSY spectrum subject to theoretically motivated assumptions 
as well as experimental data. Such a reference set which constructs a plausible low energy MSSM 
framework was described in ]138| (and is also described in section |3.3.4 ). The key assumptions 
made there are: 



There is an underlying grand unification which leads to the relation in Eq. 3.137 between 
C/(l) and SU{2) gaugino masses and the gluino mass. 

All squarks except the lighter stop (with a mass denoted hereafter by mi) are degenerate 
with a mass Ms; in the analysis below we set Ms = 400 GeV. 



The gluino mass is varied subject to mc > 250 GeV | 139 |. 



• The parameters are chosen subject to the upper limit on the NEDM, dn < 1.1 x 10~^^ 
e-cm Q. In particular, the Higgs parameter // is chosen to be real as strongly implied from 
this upper bound on the NEDM when the squark masses are below ~ 1 TeV. 

With the above criteria one is left with only one CP-odd phase arising from ti — tn mixing. That 
is, when /i is real all the elements in O], above except from Q, defined in Eq. p. 58 , are real. Recall 
that the stop squarks of different handedness are related to their mass eigenstates t_ through 
the following transformations (see section 3.3.2| ) 



tL 
tR 



cos 9tt 



-"^^ sin 9ti+ , 



e^^ sin 9tt^ + cos 9tt^ 



The asymmetry is thus proportional to the quantity (see also Eqs. 3.126 and 4.43| ) 



ecp^m\ = MmMf3. 



t) , 



(5.60) 



(5.61) 



where Q is defined in Eq. |5.5£ . 



101 



Although the CP-odd phases in the squarks sector generate the NEDM, the resulting restric- 
tions on the CP-phases in the ti — tn mixing are rather weak. As we have demonstrated in 
section 3.3.4 , the main contribution to the NEDM (when is real) comes from the mixing of the 
superpartners of the lighter squarks. Therefore, if the trilinear soft breaking terms A^, and At 
are not correlated at the EW-scale, as is the case in our low energy MSSM framework described 



in section 3.3.4, then it is not unreasonable to study the effects of maximal CP violation in the 
stop sector, i.e., = 1 without contradicting the current limit on the NEDM. 

With no further assumptions, the reference parameter set consists of Ms, mi,mG, /U, tan /3 and 
S,QP- The neutralinos and charginos masses are extracted by diagonalizing the corresponding mass 



matrices which are functions of ^,mG and tan/3 (see section ^.3.2 ). Note that the consequences 



of such a low energy MSSM scenarios on the various diagrams in Fig. 23 that can potentially 
contribute to the PRA, ^3, are: 

• For niG ~ 250 GeV diagram (a) does not have the needed absorptive cut and thus does not 
contribute to the PRA. 

• Diagram (c) does not have a CP-violating phase when arg(/i) = 0. 

This simplifies our discussion to a great extent and we are therefore left with only two diagrams 
that can contribute to ^3. These are diagrams (b) and (d), where in fact we find that, by far, 
the leading contribution comes from diagram (d). In particular, we have calculated the PRA 
effect, ^3, arising from diagrams (b) and (d), for arg(;u) = 0, rriq = M5 = 400 GeV and subject 
to mi > 50 GeV, mo > 250 GeV, the LSP (in our case the neutralino) mass to be above 20 GeV 
and the mass of the lighter chargino to be above 65 GeV. 

In Figs. ^ and ^ we plot ^3 for two values of tan (3 which correspond to a low (tan (3 = 1.5) 
and high (tan f3 = 35) tan P scenarios, where the SUSY mass parameters are varied subject 
to all the above constraints and maximal CP violation is taken in the sense that (,Qp = 1, 



thus presenting ^3 in units of sm29t sin f3f In particular, in Figs. p4(a) and 24(b) we plot the 



asymmetry as a function of /x for several values of mc and for tan/3 = 1.5 and tan /? = 35, 



respectively. In Figs. |2^(a) and 25(b) the asymmetry is plotted as a function of the gluino mass 



mc for several values of /i and for tan /3 = 1.5 and tan /3 = 35, respectively. In both figures we set 



Ms = 400 GeV and mi = 50 GeV. Evidently, from Figs. 24 and 25 we see that a PRA in t ^bW 



is very small over the whole range of our SUSY parameter space. In particular, we always find 

|^3| < 0.3% . (5.62) 

Of course the asymmetry further drops as the mass of the lighter stop, mi, is increased and van- 
ishes when mi ^ 130 GeV since in that case there is no absorptive cut in the relevant contributing 
diagrams. Also, we find that the PRA is almost insensitive to tan /? in the range tan /? ^ 10 and 
that ^3 ~ 0.3% become possible only for tan/3 ~ 0{1). 

The asymmetry we find is therefore somewhat small compared to the estimates of Grzadkowski 
and Keung (GK) ]151| ] and of Christova and Fabbrichesi (CF) [162]. In the GK limit only 



the gluino exchange of diagram (a) was considered. They utilized the CP-violating, quark- 
squark-gluino interaction, occurring with coupling strength Qs (the QCD coupling) and the Wtb 
interaction 



C^qx = iV2g,[ilT''{X''tL)+i*RT''{X''tR)] + {t^b) 

-'-^Vtbbt df, hW-'' + h.c. . (5.63) 

As in our case, the most important source of CP violation is then the phase in the II — iji mixing 
and, therefore, their effect is also proportional to defined above. However, the GK limit is 
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applicable only if rrit > mc + iTT-ti so that an absorptive cut can occur in diagram (a). In the best 
case, GK found a ~ 1% asymmetry for mc = mj^ = 100 GeV. 

On the other hand, in the CF limit, numerical results were given only for the neutralino 
exchange diagram (i.e., diagram (b)) wherein the CP-odd phase was chosen to be proportional 
to arg(//) and maximal CP violation with regard to arg(/i) was taken. This can be parameterized 



by introducing a single CP-violating phase [162|: 



fnK^^l^'^^ScP (5-64) 



where and Ni:4 appear in the qqXn Lagrangian 



nj 



XnQfL 



XnQfR 



+ll.C. , 



(5.65) 



and are defined, together with gf^ and Bf, in |162|. For maximal CP violation, i.e., sin ^cp = 1 



and with rriq 



18 GeV, CF find ^3 ~ 2%. So an asymmetry in the 
hW , of a few percent can occur in their limit. 



100 GeV and m^o 



main two-body mode, t 

However, these relatively large PRA's, reported by GK and CF in |151, 162 | suffer from the 
following drawbacks: 



• For the GK limit, mc + mi < mj is now essentially disallowed by the current experimental 
bounds. 

• For the CF limit, arg(^) ^ 10^^ is an unnatural choice in view of the stringent constraints 
on this phase coming from the experimental limits on the NEDM as discussed in section 

• For both the GK and CF limits, the large asymmetry arises once the masses of the super- 
partners of the light quarks are set to 100 GeV. Again, this is a rather unnatural choice as 
it is theoretically very hard, if at all possible, to meet the NEDM experimental limits when 
the masses of the squarks (except for the lighter stop) are of the order of 100 GeV. Besides, 
the current experimental limits disfavor down squarks lighter than about 200 GeV. 



We also remark that PRA in t — > hW within the more constrained N=l SUGRA model was 



investigated in | 164 |, where similar numerical results (i.e. ^3 < 0.3%) for ^3 were obtained. 

To conclude this section, although PRA's in the range of ~ 10~^ — 10~^ in the main two-body 
decays of t, i are appreciable, their measurements is likely to be very hard. Presumably an e^e~ 
collider (NLC) could be suitable due to its cleanliness. However, there may be about 10,000 
to 50,000 ti events a year. Therefore, bearing experimental efficiency factors, under the best of 
circumstances only an asymmetry of the order a few percent could be measured in the NLC. The 
LHC, being able to produce 10'' — 10® tt pairs, might seem more appropriate for a measurement of 
such a small PRA. However, for a measurement of a ~ 0.3% asymmetry, experimental systematics 
can pose serious limitations. 



5.1.5 PRA within the form factor approach 

t-^bW 
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The basic idea in the form factor approach is to write a model independent couphng, then 
investigate the dependence of various asymmetries on the form factors involved [148, 14£, 



165 , 166 , 167 1 . Thus one can write the amplitude for t bW~^ as the sum 

Mtbw = M%w + ^Ibw ^ (5-66) 

tbW 



where A^?j,vf amplitude at the lowest order in the SM which is given by 



M^w = -^Vtbe;{pw+)ut{Pbh^Lut{pt) • (5.67) 

In this equation e^{piy+) is the polarization vector of W'^ with four momentum and Pb,Pt 
are the four momenta of b, t, respectively. A^^feVF contains the new CP-violating interactions and 
can be written in general (for on-shell and in the limit nie = 0) as follows 

Ml,w = -^Vtbe;{pw+)ub{Pb) I E {^fi^^P + i^^^Pw+P^ I MPt) , (5.68) 

where P = L or R, L(R) = (1 — (+)75) /2 and the form factors ff and /^^ are complex in general; 
they can both have an absorptive phase and a CP-violating phase. Note also that, in the SM, 
= 1; = = = 0, at tree level. 

Similarly, the non-standard part of the amplitude for t bW~ is defined as 



M 



' - .i^V,le,{pw-)vtiPt) \ E (fTl''P + i^cTi^p'iv-P]\MPb)- (5.69) 



tbW 



_P=L,R 

In general the form factors //" and //" can be further simplified to the form 



ft = fi^CPC ^ fi^CPV 5 (5.70) 
ft = ftcpc ^ ft,CPV ' (5-71) 

where the indices CPC and CPV stand for the CP-conserving and CP-violating parts in the 
above form factors. In particular, ftcpc^ ftcPC complex due to an absorptive phase (FSI 

phase), and ftcpv ftc'PV complex in the presence of a non-zero CP-violating phase. 



In terms of the CP-conserving and CP-violating parts of these form factors in Eqs. 5.7C and 



5.71, it is useful to note that the following relations exist (between the form factors associated 



with t bW^ and those related to t ^ bW 



fl,CPC — fl,CPC 
fl,CPV = (^fi,cpv) 
ftcPC = /; 



R 

2,CPC 



f 



2,CPV 



{fi^cpv) 



and 
and 
and 
and 



rR 

Jl,CPC 
fR 

Jl,CPV 
fR 

J2,CPC 
fR 

J2,CPV 



FR 

Jl,CPC ' 



{ft:< 

f2,C 

{fi 



CPV 



ftcPC ' 



CPV 



(5.72) 
(5.73) 
(5.74) 
(5.75) 



Using the relations above it is then easy to show that any CP-violating observable must always 
be proportional to any one of the combinations: (/f — fi ), (//^ — //^), — f'z') or (/^^ — /I'). 
In particular, a CP-odd, TAr-even quantity (like the PRA) will be proportional to the real parts 
of these combinations, e.g., 'Sle{f2 — f^^), but a CP-odd, T^r-odd quantity will be proportional to 
their imaginary parts, e.g., 9m(/2' — /l^)- 
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Assuming these form factors to be purely CP-violating, i.e., ^e{f['(jpy) = and 3^e(//^py) 



0, the PRA defined in Eq. 5.4 for t — > bW can be expressed as 



"^3 = E E «f^^(// 



=1 P=L,R 



(5.76) 



In this context it was found that^ ]l48| ] of ~ 0.7, af ~ -0.04, ~ 0.04 and of ~ -0.7 . We 
thus see that the PRA is more sensitive to fi and /^^ than to //^ and f2- 



^^ Note the slight difFerence between our definition of the form factors ff, ff and the definition presented in 
[14|]. 
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Figure 21: The four diagrams considered in the proof that the W self-energy diagram does not 
contribute to CP violation for t — ^ dkW, within the SM. Dashed lines indicate cuts. Similar 
considerations hold for other models. 
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Figure 22: Tree-level diagrams and a representative set of box diagrams considered for PRA in 
t hrv, within the 3HDM. 
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(c) (d) 

Figure 23: The SUSY induced 1-loop Feynman diagrams that contribute to CP violation in the 
main top decay t — > bW. x is the chargino, x° is the neutralino, g is the gluino and t, b are the 
stop and sbottom particles, respectively. 
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(a) 



m,,=350 GeV 
m„=4S0 GeV 
m, =550 GeV 




^ 0.000 



(b) 



m„=350 GeV 
m„=450 GeV 
m, =550 GeV 



tanp=35 
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(J. (GeV) 
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Figure 24: The SUSY induced PRA in the main top decay t bW , as a function of fi, for 
several values of mc and for (a) tan/3 = 1.5 and (b) tan/3 = 35. Ms = 400 GeV, mi =50 GeV 
is used. Figure taken from ll3^] . 



109 




Figure 25: The SUSY induced PRA in the main top decay t bW , as a function of iriQ, for 
several values of fi and for (a) tan/3 = 1.5 and (b) tan/3 = 35. Ms = 400 GeV, rui = 50 GeV is 
used. Figure taken from ^13^] . 
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h 


h 






200 


0.252 


8.29 


xlO"^ 


0.707 


2.9 xlQ-^ 


3.0 xlO^ 


300 


0.210 


9.99 


xl0"3 


0.707 


1.5 xlO-3 


1.2 xlO'^ 



Table 4: Results for the PIRA A-\-, see Eq. 5.78 , and {A'^B-^^) ^, in t hrvj- within the 



Weinberg model for CP violation. Si = s'm(9i), where 6i , Sh = 7r/2, are CKM-like angles chosen 
to maximize the charged Higgs coupling 3ni(C/) (see Eq. 5.2^ ). Note {A\B^)~^ is the number 



of tt pairs required to observe the asymmetry to 1 — a. ~ 0.04 is the appropriate branching 



fraction. Table taken from [4^1, updated to rrit = 180 GeV. 



5.2 Partially integrated rate asymmetries 

In the rest of the chapter we wih discuss CP asymmetries for the t brvr decay within the 
3HDM, starting with PIRA. This asymmetry is defined as follows 

. _ rpj(t br+Vr) - Tpijt br-Vr) ,^ „„^ 

■^^^^^ = Tpj{t^br^u^)+Tp,it^-br-u^y ^''^^^ 

where Tpi stands for the partially integrated width, i.e., the width obtained by integrating over 
only a part of phase-space, rather than over the full kinematic range available to u and g^, 
defined in Eq. |]2|. It is easy to see that, unlike the PRA, the PIRA is non-vanishing even 
for — > (/ 7^ r). The reason is that in the calculation of the PRA, when the integration 
over the full range of u is performed, ptf: from the ti^t loop sandwiched between the W and the 
H^, necessarily gets replaced by q^. But then, the contribution of the transverse part of the 
VF-propagator (i.e., Gt) vanishes since q^Pj^ = {pjf = —g^'^ + q^q'^ /q^). On the other hand, 
when we calculate the PIRA, then the relevant integration is over only a part of the full kinematic 
range of u which allows Gt to contribute even to the W~^-ixQe x iJ^-tree interference. 

Let us consider the integration over u for a fixed q^ in the rest frame of the M^-boson, i.e., 
g = 0. The integration over u is now equivalent to that over the angle 9 between {—pr) and 
Pb. Define the PIRA over positive values of cos 9 to be Aj^. Then, explicit calculation of the 



W~^-iTee X iJ^-tree interference (i.e., diagrams (a) and (c) in Fig. 22) yields 



^ ^2 GFmlrwH'^Tn{U) 

47r (2 + rwt){l - rwH)B{W ^ rv,) ' ^ ' ^ 



where 3m (?7) is defined in Eq. 5.22| , ry^t = m^/mf and rwn = itt^wI'^'h- ^ mu ~ 300 



GeV, A-\. ~ a few x 10 ^ (see Table so it is enhanced by two orders of magnitude over the 
PRA, At, in Eq. 5.23| . Even larger asymmetries are likely for mu < nit. 



A related PIRA was investigated in [168|. There, a PRA for t brv^ was defined, specifically 



for gg — > in a hadron collider. The imposition of experimental cuts (for details see [168]), turns 
the asymmetry into PIRA. Looking for the maximal CP-violating effect by choosing the most 
favorable values for the three CKM-like angles and 5h = '?r/2, subject to experimental constraints, 
asymmetries of the order of a fewx 10~^ were obtained from tree x tree interference with a resonant 
W. 

5.3 Energy asymmetry 

Another explicit example of how an interesting CP-violating asymmetry can be sizable even when 
the PRA is vanishingly small is the energy asymmetry. Specifically, let us define [El]: 
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{E^+) - {E^~) 

where {E^+) is the average of the r+ energy in t — > hr^v, etc. In the calculation of {E^+) the 
integrand is of course equal to that for the PRA with just an additional factor of E^+ . Now Gt 
does contribute even when the integration is over the full range of u. Explicitly one finds 



^ ~ 127r (1 + 3r2,^ + 2nyt)(l - rTyH)[5(t^ ^ rz.,^^ ' ^ " ^ 



The energy asymmetry is closely related to the PIRA and in fact numerically |42|: 



Ae ~ ^+/3 . (5.81) 

Indeed, both are weighted CP-odd observables constructed from the outgoing momenta. Observ- 
ables constructed in this way have the drawback that they are proportional to m,-. This factor 
of is in addition to a factor of m,- in the Yukawa coupling. The latter cannot be dispensed 
with, as long as we are dealing with t — > brv. However, the additional power of rrir entering 
these asymmetries can be overcome by examining the transverse polarization of the r as we will 
discuss next. 

5.4 T-poIarization asymmetry 

The advantage of using a polarization asymmetry over an energy or a rate asymmetry is that the 
latter asymmetries go as rn^/mjj, where one power of rrir comes from the Yukawa coupling at 
the Htv-t vertex. The second power of rrir comes from the trace over the lepton loop in W^-H^ 
interference, i.e., 

Tr[7^(^, + mr){l - 75) M = ^^rP^. (5.82) 

The only way to avoid this power of m,- is to avoid summing over the spin (sr) of r in the 
preceding trace. Then the trace will take the form 

Tr[7^(^, + m,)(l + 75 ^,)(1 - 75) ^] "'-^%ie(^, s,,p,,p^) . . . (5.83) 

Thus the iy"'"-treex//+-tree interference will make a contribution to the transverse polarization 
of the r, i.e., to sV • (pV x pu) without suffering a suppression by an additional power of rrir (i-e. in 
addition to the Yukawa coupling) so this asymmetry will be enhanced over the PIRA and energy 
asymmetries by a factor of about mt/rrir ~ 100! 

We will consider the following CP asymmetries that involve the r polarization [114]: 



A = ^^(t)-^^a)+^-(T)-^-a) .,o4^ 

- r+{^])+Tni)+r~{])+T-{[) ' ^'-"^^ 

^ r+(T)+r+(i)+r-(T)+r-(i) ' ^'-"'^ 

where for Ay {Az) the arrows indicate the spin up or down in the direction y{z). The reference 
frame is defined to be the r rest frame, such that the t momentum is in the —x direction (i.e. 
the X axis is the boost axis from the top to the r frame), the y axis is defined to be in the decay 
plane with a positive y component for the h momentum. The z axis is defined by the right-hand 
rule. Also, Ay {Az) is CP-odd, Tjv-even (CP-odd, Tjy-odd), and is therefore proportional to the 
absorptive (dispersive) part of the bubble in the T^-propagator. When integrated over the entire 
phase-space, Ay and Az give 
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9 g'^^m{U)^XrXw 
64 (1 + 2xw){xh - xw) 



9 g^Sm([/)^ 

A = ^t:; ^2/^ , r, n f{xw,yw,XH) ■ (5.87) 

647r (1 - Xw) + ^xw)xh 

Recall that 9m(f7) is given by Eqs. |5.20| , |5.21| and ^.22| , Xj = my ml and j/vi/ = rf(//m|. Also, 
/ is defined as the integral 

fi \ - r (A - XH-)x/^(l - A)\/A 

j{xw,yw,XH)= TTT Tn- iT rT"A , (5.88) 

Jo [(A - x^/)^ + XH/ywJ [XH - A) 

and A = (pe +Pu)'^/m^. 



A fully integrated polarization asymmetry as in Eq. 5.87, but weighting events differently for 



different ranges of the ti^j- invariant mass, was also given in |114|: 



9 g^3m([/)^ 
647r (1 — + 2xw)xh 

where /' is the integral of Eq. ^.88| except that A — xw is replaced by |A — xw\- 

The results for the above asymmetries, where experimental constraints were imposed on the 



relevant 3DHM parameters (for details see [ 114 ] ) , are a few percents for Ay and Az , and a few tens 
of percents for A'^- As expected, the r-polarization asymmetries are much larger and, therefore, 
perhaps better suited to look for CP violation within the 3HDM, than any other asymmetry. 



5.5 CP violation in top decays - summary 

As discussed in Chapter |2|, CP violation can manifest in decays of particles. Such CP-violating 
signals may be driven by new physics containing new heavy, particles. Thus, the large mass of the 
top may cause enhancments of CP violation in top decays as compared to the situation in light 
quarks decays. CP-odd signals in top decays, therefore, are attractive venues for such studies. 

In this chapter we have discussed several types of CP-violating asymmetries in two and three- 
body top decays. In particular, PRA, PIRA, energy asymmetry in the top decay products and 
T-polarization asymmetries in the three-body decay t — > 5rz^. In the SM, the CP violation in 
the top decays is found to be vanishingly small. This fact makes CP violation in top decays 
an extremly useful place for searching for new physics. We have, of course, also considered CP 
violation in top decays in extensions of the SM such as MHDM's and SUSY. 

We found that a sizable CP-violating PRA can arise in the main top decay, t bW, in SUSY 
models. In particular, a stop-neutralino-chagrino loop in the tbW vertex can give rise to a PRA 
of the order of 0.1% if the SUSY parameter space turns out to be favorable. Such a PRA is, in 
principle, within the reach of the LHC provided that detector systematics can be kept sufficiently 
under control. 

A much bigger CP-violating signal is expected in the three-body decay, t bru, in a MHDM's 
with new CP-odd phases in the charged Higgs sector, e.g., a 3IIDM. Indeed such CP violation may 
arise already at tree-level and is best observed through a CP-violating transverse r-polarization 
asymmetry. In a favorable scenario this asymmetry may be as large as a few tens of percents, 
requiring ~ 1000 top quarks for its detection. This is a particularly gratifying result since over 
10^ top quark pairs are expected to be produced in the future colliders. The decay t — > brv is 
therefore a very promising place to look for new signals of CP violation in top decays. 
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6 CP violation in e+e collider experiments 

The energy of circular e~^e~ machines cannot be increased beyond the energy of LEP-II, due to 
heavy losses to the synchrotron radiation. Therefore, the next step in e~^e~ physics will involve 
linear colliders only, the "existence proof" of which has been demonstrated at the 100 GeV scale 
by SLC. For recent reviews on linear colliders see jl6i3| ]. The luminosity of future e~^e~ colliders is 
projected to be £ « 10^^ cm~^sec~^, corresponding to a yearly integrated luminosity of £ 100 
fb~^. The working assumption usually is to take it as tens of fb~^ at the lower end of the scale of 
cm. energies, and as hundreds of fb~^ at its upper scale, corresponding to higher cm. energies, 
to compensate for the decreasing cross-sections. In the first stage, the cm. energy will cover 
the range approximately between LEP-II and 500 GeV, eventually reaching perhaps 1.6 TeV and 
hopefully even 2 TeV. Furthermore, beam polarization - which can help in clarifying many of the 
physics issues - is an interesting option. In this context recall that the SLC achieved polarization 
as high as 70 - 80%. 



6.1 e+e" tt 

In an high energy e~^e~ collider running with cm. energies of 500-2000 GeV and an integrated 
luminosity of £ ~ O(IOO) fb~^, 10^ — 10^ pairs of tt will be produced mainly through the simple 
reaction e^e~ — > 7, Z — > ti. This facility, especially due to its relatively clean environment, may 
therefore be thought of as a very efficient "top factory" and it is expected that many of the rare 
phenomena associated with top quark systems will be intensely studied there. Here we will focus 
on CP violation in the overall reaction 

l-^bW+ 

e-^e^^t + t . (6.1) 

Decays of the W also need to be included; the leptonic channels iW — > Ivi, i = e, fi) are perhaps 
the cleanest although experimental simulations suggest that 1^'s could be detected through jet 
topologies as well |17C| ]. In what follows we will not entertain the theoretical possibility that 
there is additional CP violation in , W~ decays and will focus only on effects directly related 
to the top quark. 

In general, in the limit rrie = 0, the 7(or Z)tt vertex can be modified to include the top 
magnetic and electric(or weak) dipole moments 

- z[7^(^r + 5^75) + a^'qui^cY + dYj,)] , (6.2) 

where cY and dY , for V = j or Z, are the magnetic and electric dipole moment form factors of 
the top quark at q'^ = s, assuming that they are deduced by the use of the reaction in Eq. 3^. 
The tree-level SM values for these parameters are 



A 
B 



■1 2.2 
■a a \ 7 ~ Q '^^^ 
sm t^vi/ cos t^VF \4 o 



(6.3) 



4 sin 9w cos 9w ' 



dl 







Note also that, in the SM, the Ve^e couplings in the notation of Eq. 6.2 are 
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B2 



Ai 



Bt 



sin Qs^ cos 

e 



1 



+ sin 



(6.4) 



4 sin cos 

The magnetic form factor, which is CP-conserving, has a significant SM contribution at 1-loop due 
to QCD corrections and therefore is of lesser interest. Since in e^e~ — > we have = s > 4mj, 
these form factors are in general complex. In particular, with regard to the EDM form factors: 
'Re(£l'^ {q^) is Tjy-odd, and 9md7'^((7^) is T/y-even and, of course, all of these four quantities are 
CP-odd. 

Similar to the production vertex, the thW~^ and ihW~ decay amplitudes may have CP- 
violating pieces. In order to take into account this possibility, for on-shell and in the limit 
rrif. = 0, the decay amplitudes for t — > bW^ may be decomposed with the most general form 



factors as (see also section 5.1.5) 



M 



tbW 



aw 

'V2 



ytbC{pw+)uh{p. 




(6.5) 



where f*^{pw+) is the polarization vector of with four momentum Pw+ and pt,Pb are the four 
momenta of the t, h respectively. P = L or R where L(R) = (1 — {+)'yr,)/2 and the form factors 
fi and are complex in general. 

Similarly the amplitude for i — > bW~ is defined as 



M 



tbW 



9W . f 



)vtiPt) { lfiL + 




mw 



^P'w- 



VbiPb 



(6.6) 



Furthermore, some useful relations exist (see Eqs. |5.70 - 5?75| ) between pairs of {ffjff) in terms 



of their CP-conserving and CP-violating parts. In particular, CP-violating observables associated 
with top decays must always be proportional to any one of the combinations: (fi—fi), (fi'—f^). 



{/■z—fi^) or ifi^—fi')^ such that a CP-odd, T/v-even quantity will be proportional to the real parts 
of these combinations, but a CP-odd, Tjy-odd quantity will be proportional to their imaginary 
parts (for details see section 5.1.5| ). 

CP violation effects in e^e~ ti ^ bW^bW~ may thus enter in both the production and 
the decay vertices of the top and the anti-topp^. To leading order in the CP-violating form factors 
present in the production or the decay of the top, one has to include interferences of diagrams 



(b)-(d) with the SM diagram (a) in Fig. 26 



In principle, in order to experimentally separate CP-nonconserving effects in the production 
vertex from the decay vertex, one has to construct appropriate observables with sensitivity to 
only one CP-violating vertex, i.e., either production or decay (see e.g., jl72| ]), or alternatively 
some simplifying assumptions have to be made. 

It is important to note that the description of the Vtt vertex for e^e^ tt in terms of Eq. 
is not necessarily sufficient. For example, in the MSSM, 1-loop box diagrams with exchanges of 
SUSY particles may contribute to CP violation in e~^e~ — > ti. In these type of diagrams a Vtt 

However, 



vertex is obviously absent (such effects were investigated in [142, |173| ]). However, note that in 
2HDM's with CP violation in the neutral Higgs sector, the general parameterization in Eq. 
holds as there are no 1-loop box diagrams contributing to e~^e~ — > tt, in the limit rUe = 0. 

^"For a comprehensive treatment of the hehcity amphtudes for e^e~ — > tt and for the subse quent top decays 
t blvi in the presence of the CP-violating couphngs in Eqs. 6.2, 6.5 and 5.6, see e.g., |21, 171 1. 
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6.1.1 Optimized observables 

As mentioned before, in the reaction e^e~ — > tt — > bW^bW^ , CP violation can arise from both 



the production (see Eq. 6^) and the decay (see Eqs. 6^ and p^ ) of the top. In this problem many 
momenta are available, so several r^r-odd triple correlations can be constructed all of which, 
in principle, can have non- vanishing expectation values that are proportional to "Sted]'^ (q^). 
Similarly several T/v-even (CP-odd) observables can be constructed to measure '^mdj'^ {q"^). The 
sensitivity to ^edj'^ (q"^) or 3'mciJ'^(g^) can vary considerably amongst the observables. It is, 
therefore, useful to devise a general procedure that represents a rough measure of the sensitivity of 
the observables in such situations. Thereby, one is lead to consider the possibility of constructing 
"optimized observables", i.e., observables that have the maximum statistical sensitivity. Recall 
that for a given number of tt events, the optimized observables will yield the smallest attainable 
limit on the real and the imaginary parts of d]'^ {q'^). The basic idea of the optimized observables 
was first outlined in |16|; the general recipe for construction of such observables is given in section 



2.6. 



Optimal observables have by now been used extensively in [16, 174, 175, 176, 177]. In 



174 , |175|| CP violation in the top decays was ignored and the CP-odd effect was attributed solely 
to the EDM (dj) and ZEDM (df ) of the top in the jtt and Ztt production vertex. Indeed, in 
|143| ] it was shown that, in model calculations such as 2IIDM and MSSM, the dipole moment in 
the tt production leads to larger CP-nonconserving effects than what might be expected in the 
top decays. 



In |176| , 177 1 the optimization technique was employed to the overall reaction e~^e~ ^ tt — > 
bW~^bW~ , where CP violation from both the production and the decay vertices of the top were 
investigated. 

Using the general Vtt vertex in Eq. |6.2| , the differential cross-section for e+e~ — > tt may be 
expressed as 

S(0)# = So(0)#+ J2 (3f?edr(s)S3,e(<)('^) + »i^^r(s)Sc,^(rfj')(0))#. (6.7) 

V=-y,Z 



As was explained in |16], the simplest optimized observables for the real and imaginary parts of 
dj'^ {q^) are 

^If = ^»e{d7-^)/^0 , O/'^ = Sc.^(^7,Z)/So . (6.8) 

These optimal observables are constructed simply from the available four momenta in e^e~ tt 
and the subsequent decays. It was found in [jl6| that, for example, with 10^ tt events in an 
NLC running at cm. energies of ^ = 500 GeV, 3fte((i7'^) and 9m((i7'^) of about ~ few x 10"^^ 
e-cm become accessible at the 1-a significance level. Recall that in model calculations, such as 
MHDM's and SUSY, the size of top EDM and ZEDM are typically at the level of < 10"^^ e-cm 
(see Chapter ^) if one pushes the CP-violating phases of these models to their largest allowed 
values. Thus, the 1-a limit obtained in [It] is at least one order of magnitude above the theoretical 



expectation for these dipole form factors within extensions of the SM. 

Consider now the reaction e~^e~ tt ^ bW^bW~ where the W~^, W~ further decay lepton- 
ically via W lui or hadronically, i.e., to up and down quark jets. Of course, as is well known, 
the top quark decay occurs in an extremely short time and one measures directly only the mo- 
menta of the decay products of the top. The optimization technique may be therefore improved 
to include all available 4-momenta in a given decay scenario of the tt as, for example, was done 
in 1 174, 175|. The basic idea there was to translate the CP-odd top spin correlations generated 



by the dipole moments in e^e~ — > tt to correlations among momenta of the decaying products 
of the t and t. For this purpose, the most promising decay scenario is the single-leptonic decay 
channels, i.e., when one, say the t, decays leptonically and the other, i.e., t, decays hadronically 
or vice versa 
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Table 5: Attainable 1-a sensitivities to the CP-violating dipole moment form factors in units of 
e-cm, with (Pe = ±1) and without (Pg = 0) beam polarization, mt = 180 GeV. Table 



-18 



10 



taken from [171 j. 





20 fb 

Pe = 


Pe = +l 


)0 GeV 

Pe = -l 


50 fb 

Pe = 


"\V^ = 8( 

Pe = +l 


30 GeV 

Pe = -1 




4.6 


0.86 


0.55 


1.7 


0.35 


0.23 


6{^ed^) 


1.6 


1.6 


1.0 


0.91 


0.85 


0.55 




1.3 


1.0 


0.65 


0.57 


0.49 


0.32 


(5(9mdf ) 


7.3 


2.0 


1.3 


4.0 


0.89 


0.58 



tt ^ i^iq+) + i^e + b + Xi,^{qx) , (6.9) 
t t ^ Xhad(gx) + r + + 6 . (6.10) 



The decay scenarios in Eqs. 6.S and 6.10| (each of which has a branching ratio, Bi ~ 0.15, if 



i = e, fi) allow for the reconstruction of the t and t momentum, respectively, which, in turn, gives 
the rest frames of these quarks. The fact that the rest frames of t and t may be accessible in 
these decay modes allows one to use CP-odd observables in terms of lepton unit momenta in 
the corresponding top rest frames, instead of q± - defined in the e~^e~ cm. frame. 

The optimal observables that they used are, again, simply the ratio between the CP-odd and 
CP-even differential cross-sections and are given in |174[ |. However, in their optimal observables, 
the differential cross-section corresponds to the overall production and decay of the tt and the 
leptonic momenta are taken in the corresponding t, t rest frames. With the optimal observables 
they [|175| calculated the best 1-a sensitivity to the CP-violating dipole moments form factors 
^e{dJ),^e{df),Qm.{dJ),^m.{df) assuming 100% tagging efficiency of the single-leptonic decay 
modes of ti in Eqs. |6.9| and |6.10| ; these are given in Table ^. We thus see that beam polarization 
(of the incoming electrons), denoted here by Pe, may increase the sensitivity to 5Re((iJ) and 
Qm{df) by almost an order of magnitude. Evidently, the results in Table |5| imply that a NLC 
running with a cm. energy of ^/s = 500 GeV and an integrated luminosity of 20 fb^^, or 
^/s = 800 GeV and an integrated luminosity of 50 fb~^, will be able to probe, at 1-a and in the 
best cases, real and imaginary parts of the TDM, typically of the order of a few x 10"^^ — 10~^^. 
As in their analysis, this may be achieved by investigating the single-leptonic decay mode of tt. 
This improves the limits obtained in |0] by about one order of magnitude. However, at the 3-a 
significance level, the corresponding sensitivities are typically few x 10^^^ — 10^^^ and so are 
still about an order of magnitude above the expectations from the models such as MHDM's and 
SUSY. 

It should be noted again that a CP-violating dipole moment at the ttj and tiZ vertices may 
not, in general, account for the entire CP violation effect in tt production. As mentioned before, 
this will, for example, be the case in the MSSM where 1-loop CP-violating box diagrams can 



cause an additional CP-odd effect [173]. We note, however, that specifically in the MSSM, these 
box contributions to CP violation in tt cannot significantly enhance the CP-violating signal. In 
fact, in some ranges of the relevant SUSY parameter space the contribution of the box graphs 
comes with an opposite sign relative to the top dipole moments, such that cancellations may 



occur, thus decreasing the net CP violation effect in tt production [173]. 



A more complete investigation was carried out in [[176| , 177[. There the CP- violating form 
factors from both the production and the decay amplitudes of the t and t were included. For this 
purpose, they used the single-leptonic energy spectrum 
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where 



-Ml. 



(6.12) 



The functions fi{x) are all given in |176] and /l^, are defined in Eqs. 
indicates the charge of the lepton and 



q and S.6. Also, ± 



x{x) 



mt 




+ ' 

E^^ {E^ ) being the energy of in the e^e~ cm. frame and /3 

for mt = 180 GeV and ^ = 500 GeV0 



(6.13) 



1.76 X 10 



16 



[e- 



cm 



1.069m(ci7) +0.189m(d 



1 — 4m|/s. Specifically, 



(6.14) 



In ]176| ], optimal observables that may be used to separately measure the CP- violating form 
factors in the production or the decay vertex were given. Their optimal observables utilize 
the single-leptonic energy spectrum in Eq. |6.11 . With the optimization technique they showed 



that ^ and 3f?e(/2^ - f^) may be extracted individually from the difference in the versus £ 
energy spectra by convoluting the differential energy spectrum with approximately chosen kernel 
functions 



dx 



1 da+ 1 da- 



dx 
dx 



a dx 
1 da+ 



1 da- 



CJ+ dx a dx 



f ' 



(6.15) 
(6.16) 



where 0^,57^ are functions of fi{x) defined in Eq. 6.11 and are given in |177]. The minimal 
values of |^| and |5Re(/2^ — /I')! that can be obtained with a statistical significance Ng^^ and 
iV|^, respectively, at the NLC with ^/s = 500 GeV and mt = 180 GeV, can then be computed 



ATttV 

|^|min ^ ^-^ 3 SD_ 

ei X pb 



1/2 



l\TtbW 



eL X pb 



1/2 • 



(6.17) 
(6.18) 



Here cl represents the square root of the effective luminosity for the single-leptonic tt pairs at 
the NLC. Thus, ez, = y/ettC, where C is the integrated luminosity at the NLC and ett is the 
tagging efficiency for the single-leptonic mode. Note that, in the best case, ett = -B^ ~ 15%, if 
one assumes 100% efficiency in measuring the single leptons from tt. 

We see from Eqs. |6.17l and |6.18 that, for example, with C = 100 fb~^ and ett = 0.15 we 
have ei ~ 122.5 pb~^/^ (note that with these values one has ~ 9000 single-leptonic tt events). 
Therefore, with this number, a 3-0" detection of |^| will be possible for |,^| 0.28. Using the 
relation between ^ and '^m{dt'^) in Eq. 5.14 we then get the following 3-0" equality 



■^'^Notice the difference in our notation (Eq. 
transfation is D-y^z ~ (4mt sin 6'vK/e) x idj'^ . 



and ttie one used in [f76] for tlie top dipole moments. Tfie 
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1.069=m(d7) + 0.189m(df ) ~ 1.6 x 10"^^ e - cm 



(6.19) 



Eq. 3.19 implies that 9m((i^' ) of the order of ~ 10 e-cm may be detected at the 3-a level 



at the NLC, running with cm. energy of y/s = 500 GeV and with an integrated luminosity of 
C = 100 fb^^, using the optimal observables suggested in [|176|. This result is again about one 



order of magnitude better compared to the results obtained in [16| and it is comparable to the 
results shown in Table ^ which were obtained in [ |175| | . 



As for the CP-violating form factors in the decay amplitude, we can use Eq. 6.1£ to get the 



3-a limit on |Ke(/2^ - f^)\. For eL « 122.5 ph'^/^ 



mf^-f^)\^ 0.32 . (6.20) 

In Chapter |5| we have discussed the theoretical expectations for couplings such as /^^ and /I' 
in the SM and its extensions. The SM prediction for such form factors, induced by the CKM 
matrix, is much too small to be observed. Moreover, even within MHDM's and the MSSM the 
resulting 3-a limit in Eq. 6.20| falls short by at least one order of magnitude. 

Finally, in |177] the single-leptonic channel was compared to the double-leptonic mode, i.e.. 



when both t and t decay leptonically, using the optimization technique. It was found there that 
the single-leptonic mode comes out favorable by about a factor of 2. 



6.1.2 Naive observables constructed from momenta of the top decay products 

Various types of "naive" observables to deduce the real and imaginary parts of the non-standard 
form factors in top production and decay were considered in 16, 143, 165, 174, 175, 175, 
|179| , |180| . These observables are constructed simply from correlations between momenta of the 
decaying products of the top quark. The basic idea again utilizes the fact that weak decays of the 
top quark act as very efficient analyzer of the top spin. So the momenta of the decay products (via 
t — > Ml') can be used to construct the observables with the right transformation properties. In 
general, as expected, the "naive" operators are less effective than the optimal ones, sometimes by 
as much as an order of magnitude. However, it is important to bear in mind that this advantage 
pertains only with respect to statistical errors; in actual experimental considerations, systematic 
errors will also need to be taken into account and that could offset some of the advantage of the 
optimized observables. 



In |16|, amongst the various possible correlations, the best simple operators that they found 



are 



e 



P^Q^'zH+^'H-P for sRedZ , 

P^Q''zH+''H-f for 3f?edf , (6.21) 



H ■ Qz for QmcQ and Qmdf , 
where the momenta above are given by 



Pb = Pb-Pb , 

Pe = pt -Pe , 

Qz = Pt+Pe , (6-22) 
= 2{E+ ■ pt)E+ ± 2{E^ ■ pt)E^ , 

and Ew is the VF-boson polarization for the reaction W{pw) ^{pe)vt{Pu)- Because of the 
left-handed nature of the coupling of W to leptons its polarization can be constructed from the 
momenta of the decay products as 
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(6.23) 



Here ujq is an arbitrary light-like vector that determines the phase convention for the polarization. 
The expression above requires the u momenta. Recall that the final state consists of six particles 
bi^i'ibi~v'i. Of these only four are directly observable as the neutrinos escape detection. However, 
by imposing the following conditions, the momenta of the missing neutrinos may in fact be 
inferred. The conditions that need to be imposed are: (1) conservation of four-momentum 
together with the conditions that (2) the lepton and a neutrino reconstruct to the mass, (3) 
the 6-quark together with a lepton and neutrino reconstruct the t, t mass and (4) the neutrinos 
are massless. 

It was then found in [16| that the use of the W polarization in the operators of Eq. |6.21 



can easily improve the sensitivity to the dipole moments by factors of 10-50 when compared to 
simple correlations which do not involve the W polarization vector. As compared to the optimal 
observables discussed in their work, the observables in Eq. |6.21 are less effective, typically, by 
about a factor of 2-10. 

In [ITtI, 165 1, the following CP-odd and T/v-odd correlations were considered 



A, 



{q- - Q 
p 



{q- X q+)j 



\q- X 
{q- X q+) 



+ (« ^ j) , 



\q- X q+\ 



(6.24) 
(6.25) 



where is the unit momentum of the incoming positron and are the unit momenta of a 
charged decay product from t ^ A,t ^ B in the overall cm. system. Thus, q± are the directions 
of a charged lepton or a 6 jet. An interesting property of these correlations is that they are not 
sensitive to CP-violating effects in the t and t decays and, therefore, they can be expressed in 
terms of only the real part of the EDM and ZEDM form factors, ^e{d]'^). The mean values of 



Tij and Ai plus the conjugate ones are given by [|165|| : 



{Tij) AB + {Tij) BA = 2^{c^^AB^edJ + cz,AB^edf)sij , 



{^i)ab + {^i)bA 



y^AB^ed] + rz,AB^ed 



(6.26) 
(6.27) 



where, identifying the z-axis with the e"*" beam axis 



1 



1 



Sij = 2 [P+^P+j - 3 



diag 



1 1 1 

'6'~6' 3 



(6.28) 



The coefficients c^/^z and r-y^z depend on the specific decay channel and were calculated as a 
function of s in [165] for correlations among AB = £~^£~ , bb and i~^b + £~b. 

Possible CP-odd, TAr-even correlations that use the momenta of the decay products of t and 
t were also examined in |165|: 



Qij 



{q+ + q-)i{q- - q^ 
p+ ■ iq+ + q-) ■ 



+ (i ^ j) 



(6.29) 
(6.30) 



In contrast to the T^r-odd observables in Eqs. |6.24| and 3.25, the TAr-even observables Qij and 
A2, which acquire absorptive phases, are sensitive also to the combinations ^e{ff — ff) (recall 
that P = L or R), e.g., 3?e(/2^ — /2'), of the form factors in the decay amplitudes of Eqs. 
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and 6.6. In [165|, CP-odd effects in the decay process were neglected wlien evaluating the two 
CP-odd, T/v-even observables in Eqs. 6.29| and [6.30 . In terms of the imaginary parts of the EDM 
and ZEDM of the top they obtained 



{Qij)AB + {Qij)BA = "^ — iq-y^AB^radJ + qz,ABQradf)sij , (6.31) 

{A2)ab + {^2)ba = 2^(p^,AB9mfi7+pz,AB9mdf) . (6.32) 

Here, again, the coefficients q-y^z and p-y^z depend on the specific channel and were given as a 
function of s in [165] for correlations among AB = £^£~ , bb and £^b + i~b. 

From the simultaneous measurement of the pairs {Tij), {Ai) and {Qij), {A2) and for a given 
cm. energy, Ke((i7'^) and 9m(d7'^) can be disentangled, respectively. Assuming 10'' available 
tt events at each cm. energy, the 1-a statistical sensitivity to ^edj and ^edf , using only the 33 
component of Tjj , are 



S (3f?ed7) 



6 (SRedf ) = 

where A^eff = 10^ x Br(t ^ ^) x Br(i 
'ismdf using Qss and A2. 



{[SrzTss - czAi 



Cj-rz - cz ■ r. 



71 



((3r^T33 



CyA\ 



\cz ■ r. 



7 



• rz\ 



(6.33) 



(6.34) 



B). Similar relations can be obtained for '^mdj and 



Using this formalism, Ref. [1651 presents the one standard deviation accuracies in measuring 
the real and imaginary parts of dj' , again assuming 10^ events at cm. energy ^/s = 500 GeV 
and with = 175 GeV 



1 X lO"^'^ 



5ftedf f« 5 X 10-1^ 



9md7 w 1.2 X 10"^^ , 
3=mdf 7.5 X 10"^"^ 



where the best sensitivity was obtained for correlations between the 
that the sensitivity to ^ed]'^ is slightly better than to Quid]'^ . 



(6.35) 
(6.36) 

momenta. We note 



Cuypers and Rindani [181| have investigated the effect of polarized incoming electron beams. 
They found that the sensitivity of observables of the type Ai and A2 in Eqs. 6.25 and 5.30| to the 



real and imaginary parts of dj' , respectively, can be enhanced if the incoming electron beam 



is longitudinally polarized. Note also [174], the type of observables in Eqs. 6.24| , |6.25 , 3.29 and 
6.3C| may be improved (with respect to their sensitivity to the dipole moments) if one replaces 
the momentum of the charged lepton in the e~^e~ cm. frame by its momentum in the top (or 
anti-top) rest frame, in the single-leptonic ti channel. 

As was shown in the previous section, the CP-violating effects in the top decay t bW^ and 
its conjugate may be isolated using the optimization procedure. This may also be achieved in 



some limiting cases using naive observables. In [143, 165| a naive observable that projects onto 
CP violation in the top decay vertex was suggested 



(qi X Qb) (qe X %) 



(6.37) 



m X Qbl \qe X q^ 

Although, in general, the expectation value of Oi above receives contributions both from the 



CP violation in tt production and in the decay amplitude, it was shown in [165[ that close to 
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threshold, i.e., y/s ~ 2mt, the contribution from the tt production vertex vanishes. For example, 
with the correlation Oi, for an appropriate e^e~ collider with rrit = 150 GeV and cm. energy 
■y/i ~ 2mt, they find 

(Oi) « 0.15 X 9m(/2« - f^) , (6.38) 

where /2^, f2 are form factors in the decay amplitudes defined in Eqs. and S^. Assuming 
3 X 10'^ events in which t — > b£~^U£ and t — > M~i>i, they found that, to 1-a, 

5f9m(/2^-#)) «0.1 , (6.39) 



can be determined from a measurement of Oi. Again, the limit in Eq. 6.39 falls short from model 
predictions for these form factors (see Chapter ^) . This is easily understood from Eq. 6.3^ which 
implies an asymmetry of the order of ~ 10~^ for 9m(/2^ — Jq^) ~ 0.1. Recall that the typical 
asymmetries in extensions of the SM that we have described in Chapter || are < a few times 
10"^ and in the SM they are a lot smaller than that. 

A related CP-odd and T^v-odd asymmetry that projects only onto CP-violating effects in the 
decay processes of the t and t was suggested by Grzadkowski and Keung, |167| ] . This asymmetry 
was defined by partially integrating over the azimuthal angle of £^(£^) in the 1^'*"(1^~) rest 
frame and subtracting the integration in the range {— 7r,0} from the integration in the range 
{0, vr} and it is essentially proportional to the triple product ■ {pb x pw)- When evaluated 
within the MSSM, the asymmetry was found to be ~ 10"'^ — 10~^ which again falls short by at 
least one order of magnitude from the limits that are anticipated to be obtainable, through the 
study of e~^e~ tt ^ (.^ i~ uii>(bh in a future e'^e~ high energy collider. 



6.1.3 Improved sensitivity using energy and angular distributions of top decay 
products and polarized electron beams 

Several differential leptonic asymmetries with respect to the charged lepton in t ^ hlui and for 
longitudinal electron (positron) beam polarizations, Pe (Pe), have been suggested in ] 
17^, PI, pi. 



i7e. 



Consider the CP-violating t — t spin correlation pt ■ (sj — Sf). This spin correlation simply 
translates to the asymmetry 



[NjtLtL) - NjtntR)] 
all tt 



3.40) 



suggested first by Schmidt and Peskin (SP) in ||20[ in the context of ti production in hadron 
colliders (the SP effect will be discussed in more detail in Chapter |^. 

Now, ANlr is related to the asymmetry in the energy spectrum defined as |19, 182, 183]: 

da da 



AEix) 



1 

a 



(6.41) 



_dx{l+) dx{l- 

through a simple multiplication by kinematic functions present in the lepton energy distribution 
functions (see [ |176[ |). The energy asymmetry in Eq. |6.41| is between distributions of and at 
the same value of x = x{l~^) = x{l~) = 4E{l^)/^y^. Note that when CP violation is present 
in the top production and not in the top decay, then Ae{x) oc ANlji oc ^, where ^ is defined in 
Eq. 

An up-down asymmetry, Aud, was also studied in [|^, 182]: 



A, 



ud 



Aud{0)d cos 6* , 



(6.42) 



where 
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Audie) = — 

z a 



da{l^ , up) 
d cos 6 



dfj (/"'', down) ^ da{l 



, up) da {I ,down) 



d cos 9 



d cos 9 



d cos I 



(6.43) 



and up/down refers to {pi±)y ^ 0, {pi±)y being the y component of pi± with respect to a 
coordinate system chosen in the e+ e~ cm. frame so that the z-axis is along pt, and the y-axis 
is along p^ x pt. The tt production plane is thus the xz plane. 9 refers to the angle between pt 
and in the cm. frame. Note that the asymmetry A^d is related to spin components of the top 
transverse to the production plain and, therefore, it is a T^r-odd quantity. 

Three additional asymmetries were considered in [182|. The combined up-down and forward- 
backward asymmetry 







Audi9)dcos9 



Audi9) dcos9 , 



with Aud{9) given in Eq. 3.43. The left-right asymmetry 

r+l 



Air 



Air{9) dcos9 , 



(6.44) 



5.45) 



where 



Aue) 



1 

2^ 



d(T(Z+,left) dcr(/+, right) da{l-,leh) dcr(r, right) 



d cos 9 



d cos 9 



+ 



d cos ( 



d cos 9 



(6.46) 



and left/right refers to {pi±)x ^ 0. The combined left-right and forward-backward asymmetry 



Air (9) dcos9 



Air (9) dcos9 



(6.47) 



with Air (9) given in Eq. 6.46| . 

To leading order in the dipole form factors and on ignoring CP violation in the t and i decays, 
all the above five CP-odd asymmetries are linear functions of and df. The asymmetries 
Ae, Air, A^ are T/y-even and are therefore proportional to QmdJ' , while Aud,A^^ are T^r-odd 
and are proportional to ^ed]'^ . The TAr-even asymmetries can be symbolically written as 



Similarly, for the T/v-odd observables, one obtains 



(6.48) 



b]{Pe,Pe)^ed'l + bf{Pe,Pe)^edf . (6.49) 

where Ai = AE,Air or Af^ and Bi = A^d or A^^. The functions a?''^ depend, among 
other parameters, on the polarizations of the incoming electron and positron beams, Pg and Pg, 



respectively, and are explicitly given in [182]. 

It is evident from Eqs. |6.48 and |6.49| that, without beam polarization, by measuring only 
one asymmetry of the type Ai and/or Bi, one can extract information only on one combination 
of {SmdJ'', 9mdf } and/or {lke(£l, SRedf }, respectively. However, any two asymmetries with the 
same T/v property can be used to determine two independent combinations of the corresponding 
real or imaginary parts of and df , thus, giving Q'md/ and S'mdf or Ked^ and ^edf indepen- 
dently. Such an analysis was described in the previous section where the observable pairs T33, j4i 
and Q33,A2 were used to find the sensitivity of a high energy e^e~ collider to ^edj ,^edf and 
respectively. However, it was suggested in [182] that if, in addition, beam polar- 



Quid? , 



ization is included, then one rAr-even(Tjv-odd) asymmetry is sufficient to determine QuidJ and 
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Table 6: 90% confidence limits on the real and imaginary parts of the top dipole form factors 
dj and df , in units of 10"^''' e-cm, from different asymmetries. In the unpolarized case , the 
asymmetries A^d, o^re together used to get limits on ^ed]'^ and Air, Af!j! to obtain the limits 
on '^mdj'^ . In the polarized case, the limits obtained from A^d o-nd Air denoted by (a) and 
the ones from A^^ and J^. are denoted by (b). The numbers are for the single-leptonic tt mode, 
for rut = 174 GeV, y/s = 500 GeV and an integrated luminosity of C = 10 fb~^ . 



Case 


ISRedZl 


|3f?edf 1 


QmdJ 




unpolarized 




54.4 


15.9 


7.9 


62.4 


(a) polarized(Pe 


= ±0.5) 


2.3 


2.3 


2.3 


9.1 


(b) polarized(Pe 


= ±0.5) 


12.5 


9.1 


2.3 


7.9 



Qm.df{^edJ and ^edf) independently by measuring this asymmetry for different polarizations. 
Both approaches were adopted in |182[ |. Their best results are summarized in Table |^ where 
90% confidence level limits are given for ^/s = 500 GeV and mt = 174 GeV. We can see from 
Table ^ that the second approach, of incorporating beam polarization, increases the sensitivity 
to both the real and imaginary parts of the EDM and ZEDM of the top, in some cases, by 
about one order of magnitude. With 50% beam polarization, the 90% confidence level limits for 
QmdJ ,^m.df ,^edj and Kedf are again at best around ~ few x 10"^''^ e-cm. 

An interesting differential asymmetry that combines information from both the production 



and decay vertices of the top was suggested in [177]: 



{II 



^- dxdx-j^ 

x<x dxdx 



IIx>,dxdxi^) 



IJdxdxir, 



(6.50) 



This asymmetry utilizes the double- leptonic energy distribution in e~^e 



tt £+e^UiUibb 



1 



a dx dx 



where x,x are defined in Eq. 6.13 and 



ci 



C2 = C 



^ ] Cifi{x, ; 



i=l 



C3 



f'. 



(6.51) 



(6.52) 



/g^, f2 and ^ are defined in Eqs. 3.5, 6.t and 6.14, respectively. In terms of ^ (or equivalently of 
'^mdj'^) and 3?e(/2^ — f2) and with ^/s = 500 GeV, mt = 180 GeV and the SM parameters they 
obtained the simple relation 



A 



It 



-0.34^ - 0.315Re(/2^ - ^ 



(6.53) 



Given a number of available double-leptonic ti events in the NLC and using the relation in 
Eq. |6.53 , one can now plot the l-cr, 2-0" and 3-0" detectable regions in the Qmd/'^ — 3fte(/2^ — f2) 
plane. These regions are shown in Fig. 27 for ~ 700 double-leptonic ti events in a 500 GeV 
collider. We see from Fig. 27 that a 3-o" detection of CP violation through A^ is possible in 



a wide range of the parameters ^ and /l^,/^". However, if one parameter is very small, then 
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it requires the other to be relatively large. Thus, for example, if 5?e(/^ — /^) = then, at 
3-0-, |3=m(d7'^)| > 1.7 x 10"^^ e-cm (or, with the notation used in ll77|, \^e{D^,z)\ > 0.3, see 
also Fig. [27| ). This is again comparable to obtainable limits from other observables described 
in this section and, thus, falls short by about one order of magnitude when compared to model 
dependent predictions for the top dipole moment. 

Finally, interesting CP-violating asymmetries which involve correlations among 6-quarks from 



tt bW+bW- were suggested by Bartl et al. in |17|, |l7|, |l8g]. They utilized the angular |17 



and energy |179| distributions of b and b with initial beam polarization, in e^e~ — > ti followed 
by t — > hW~^ and i — > bW~, to construct CP-violating asymmetries that can disentangle CP 
violation in the ti production mechanism from CP violation in the top decay. Unfortunately, 
their asymmetries, when evaluated within the MSSM, range from 10^^ to 10^'^ at best, and 
therefore also seem to be too small to be detectable at a future NLC. 
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Figure 26: Tree-level (a) and CP-violating amplitudes (h),(c),(d) to leading order in the SM 
couplings and in CP-violating form factors. 
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Figure 27: One can verify the asymmetry Au in Eq. 6. 5(\ to he non-zero at 1-a, 2-a and 3-a level 
when the parameters ^e{D^^z) (horizontal axis) and 5Re(/2^ — (vertical axis) are outside the 
two solid lines, dashed lines and dotted lines, respectively, given ~ 700 double-leptonic tt events in 
a 500 GeV e~^e~ collider. Recall that D^^z is related to dj'^ via: D^^z 
i.e., ^e{D^^z) corresponds to Qmd]'^ . 



{Amt sin /e) X icCl'' 



Figure taken from [IT}] 
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6.2 e+e tth,ttZ, examples of tree-level CP violation 

Let us now turn our attention to the reactions 

e+(p+) + e-(p_) ^ t{pt) + tipt) + h{ph) , (6.54) 
e+(p+) + e-(p_) ^ + t{pt) + Z(pz) , (6.55) 

which may exhibit large CP violation asymmetries in a 2HDM H, [18|, m, [186|. Note that for 



reasons discussed below, for the CP-violating effects in e^e~ tth as well as in e^e~ — > ttZ, 
only two out of the three neutral Higgs of the 2HDM are relevant. We denote these two neutral 
Higgs particles by h and H corresponding to the lighter and heavier Higgs-boson, respectively. 
In some instances we denote a neutral Higgs by Ti., then = /i or i7 is to be understood. 

A novel feature of these reactions is that the effect arises at the tree-graph level. As a 
consequence, one can construct new type of asymmetries which are oc (tree x tree)/ (tree x tree) 
and are therefore a-priori of 0(1). This stands in contrast to loop induced CP-violating effects 
in ti production for which the CP asymmetries, in general, are oc (tree x loop) /(tree x tree) and 
are therefore suppressed by additional small couplings to begin with, i.e., at 1-loop, typically, by 
a - the fine structure constant. 

Indeed, we will show below that CP violation at the level of tens of a percent is possible in 
the reactions in Eqs. 6.54 and 6.55| . Basically, for the tth{ttZ) final states, Iliggs(Z) emission 



off the t and t interferes with the Iliggs(Z) emission off the s-channel Z-boson (see Fig. |2 
|55, 184, 185]. We find that the processes e~^e~ — > tth and e'*"e~ ttZ provide two independent 



but analogous, promising probes to search for the signatures of the same CP-odd phase, residing 
in the tt-neutral Higgs coupling, if the value of tan/3 (the ratio between the two VEV's in a 
2HDM) is in the vicinity of 1. In particular, they serve as good examples for large CP- violating 
effects that could emanate from t systems due to the large mass of the top quark and, thus, they 
might illuminate the role of a neutral Higgs particle in CP violation. 

Although these reactions are not meant (necessarily) to lead to the discovery of a neutral 
Higgs, they will, no doubt, be intensely studied at the NLC since they stand out as very important 
channels for a variety of reasons. In particular, they could perhaps provide a unique opportunity 
to observe the top-Higgs Yukawa couplings directly ||5l|, |187| , |188| , |189| , \19(\ , |191| . In |^ 



18£], 

using a generalization of the optimal observables technique outlined below (see also section 2.(:), 
Gunion et al. have extended the initial work on CP violation in e^e~ — > tth to include a 
detailed cross-section analysis such that all Higgs Yukawa couplings combinations are extracted 
(see below). A similar analysis which also uses the optimized observable technique for e^e~ — > tiZ 
is given in [186]. A detailed cross-section analysis of the reaction e^e~ — > tiZ in the SM was 



performed by Hagiwara et al. [190]. There, it was found that the Higgs exchange contribution 



of diagram (b) on the right hand side of Fig. 25 will be almost invisible in a TeV e^e collider 



for neutral Higgs masses in the range m/j < 2mt. Interestingly, we will show here that, if the 
scalar sector is doubled, then the lightest neutral Higgs {h) may reveal itself through CP-violating 
interactions with the top quark even if rrih < 2mt. Obviously, a non-SM (e.g., larger) top-Higgs 
Yukawa coupling can cause an enhancement in the rates for both the tth and tiZ final states. 
Thus, a "simple" cross-section study for these reactions may also come in handy for searching 
for new physics. However, one should keep in mind that, from the experimental point of view, 
asymmetries, i.e., ratios of cross-section, are easier to handle and, in particular, CP-violating 
signals are very distinctive evidence for new physics. 

This section will be divided to three parts. In the first part we present a detailed analysis 
of the tree- level CP violation in the reactions e^e~ — > tth and e+e~ — > tiZ which manifests 
itself as a T/y-odd correlation of momenta. In the second part we will consider the generalized 
optimization technique developed by Gunion et al. and its application to the reaction e+e~ — > tth. 
In the last part we will discuss CP violation in the Higgs decay h ti, where we take the Higgs 
to be produced through the Bjorken mechanism e^e~ Zh. 



128 




Figure 28: Tree-level Feynman diagrams contributing to e~^e~ tih (left hand side) and e'^e~ 
ttZ (right hand side) in the unitary gauge, in a 2HDM. For e'^e~ — > ttZ, diagram (a) on the 
right hand side represents 8 diagrams in which either Z or ^ are exchanged in the s- channel and 
the outgoing Z is emitted from e"^ , e" , t or t. 
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6.2.1 Tree-level CP violation 



In the unitary gauge the reactions in Eqs. 6.54 and 6.55 can proceed via the Feynman diagrams 
depicted in Fig. 28. We see that for e^e~ 



ttZ, diagram (b) on the right hand side of Fig. 
in which Z and 7i are produced (Ti. = h or H is either a real or a virtual particle, i.e. m-^ > 2mt 
or m-)^ < 2mt, respectively) followed by W — > tt, is the only place where new CP-nonconserving 
dynamics from the Higgs sector can arise, being proportional to the CP-odd phase in the UTl 
vertex. As mentioned above, in both the tth and the ttZ final state cases, CP violation arises 
due to interference of the diagrams where the neutral Higgs is coupled to a Z-boson with the 
diagrams where it is radiated off the t or t. We note that in the ttZ case there is no CP- violating 
contribution coming from the interference between the diagrams with the ZZTC coupling and the 
diagrams where the Z-boson is emitted from the incoming electron or positron lines (not shown 



in Fig. m). 

The relevant pieces of the interaction Lagrangian involve the ttTi'' Yukawa and the ZZTl^ 
couplings and are given in Eqs. |]7| and There, H'' (k = 1,2 or 3) are the three neutral 

Higgs scalars in the theory. As usual the three couplings a^, and in Eqs. 3.7C and |3.71 



are 

functions of tan/3 = V2/V1 (the ratio of the two VEV's) and of the three mixing angles ai, 02, 
as which characterize the Higgs mass matrix in Eq. 3.73| (for details see section 3.2.3). 

As was also mentioned in section 3.2.3 , only two out of the three neutral Higgs can simul- 
taneously have a coupling to vector-bosons and a pseudoscalar coupling to fermions. Therefore, 
only those two neutral Higgs particles are relevant for the present discussion and, without loss of 
generality we denote them as = h and Ti"^ = H with couplings a^jb^, and a^, bj^ , cor- 
responding to the light, h, and heavy, H, neutral Higgs, respectively. This implies the existence 
of a "GIM-like" cancellation, namely, when both h and H contribute to CP violation, then all 
CP-nonconserving effects, being proportional to b^c^ + b^c^ , must vanish when the two Higgs 
states h and H are degenerate. In the following we set the mass of the heavy Higgs, H, to be 
mH = 750 GeV or 1 TeV. 

In the process e~^e~ tth, a Higgs particle is produced in the final state, therefore, the heavy 
Higgs-boson, H, is not important and this "GIM-like" mechanism is irrelevant. Note that there 
is an additional diagram contributing to e~^e~ tth, which involves the ZhH coupling and is 
not shown in Fig. This diagram is, however, negligible compared to the others for the large 
niH values used here. In contrast, in the process e~^e~ — > ttZ, the Higgs is exchanged as a virtual 
or a real particle and the effect of H is, although small compared to h, important in order to 
restore the "GIM-like" cancellation discussed above. 

For both the tth and ttZ final states processes, we denote the tree-level polarized Differential 
Cross-Section (DCS) by '^(j)f, where / = tth or / = ttZ corresponding to the tth or ttZ final 
states, respectively, and j = 1(— 1) for the left(right) polarized incoming electron beam. 
can be subdivided into its CP-even (S^(j')j) and CP-odd (S_(j)j) parts 

^{j)f = ^+U)f + ^-U)f ■ (6-56) 
The CP-even and CP-odd DCS's can be further subdivided into different terms which correspond 
to the various Higgs coupling combinations and which transform as even or odd (denoted by the 
letter n) under T^. For both final states, / = tth and / = ttZ, we have 



-U)f 



E i{n) rpi(n) 
9+f ^. 



(i)/ 



i(n) rpi{n) 



CP — even 
CP - odd , 



(6.57) 



where 5+ j , 5-/ , n = + or —, are different combinations of the Higgs couplings al^,bl^, and 
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again with n = + or — , are kinematical functions of phase space which transform 



like n under T^r. 

Let us first write the Higgs coupling combinations for the CP-even part. In the case of 
e~^e~ — > tth, neglecting the imaginary part in the s-channel Z-propagator, we have four relevant 
coupling combinations |51, 55, 185 1: 



i(+) 

9+tth 



h\2 



{4) 



2(+) 

9+tth 



{b'tf 



3(+) 
9+tth 



4(+) 
9+tth 



h h 

atc 



(6.58) 



In the case of e~^e~ ttZ, apart from the SM contribution, which corresponds to interference 
terms among the four SM diagrams represented by diagram (a) on the right hand side of Fig. 
and keeping terms proportional to both the real and imaginary parts of the Higgs propagator, 
Un, we get |l8|, [l85|] : 



where 



9+ttz 
^+ttZ 

^+ttz 



(a. 



.r'c^)Ke(n^) , g%l = ia^c><)QmiUn) 



{al^c^fMm , 9%l = (ar^c^)^9m(n„) 



Tin = [s + m% - mj^ - 2p ■ pz + imn'^^n 



(6.59) 



(6.60) 



p = P- + p+ and Tn is the width oiTi = h oi H. 
The CP-odd coupling combinations are 



for the tth final state and 



„i(-) _ uh h 
9_tth - "tC 



(6.61) 



9-ttz = bl'c^M^H) , g'^az = b'i'c^Quiinn) 



(6.62) 



for ttZ final state. 

The CP-even pieces, yield the corresponding cross-sections (recall that / = tth or 

ttZ) 



(6.63) 



where <I> stands for the phase-space variables. In Fig. ^(a) and ^(b) we plot the unpolarized 
cross-sections, att^ and a^z as a function of rrih and ^/s, for Model II (i.e., 2HDM of type 2 as 
defined in section 3.2.3), with mn = 750 GeV and the set of values {ai, a2, a^} = {7r/2, 7r/4, 0} 
which we denote as set II. Set II is also adopted later when discussing the CP-violating effect. 
Furthermore, for the tth final state we choose tan/3 = 0.5 while for ttZ we choose tan /? = 0.3. 
Afterwards, we will discuss the dependence of the CP-violating effect on tan (3 in the tth and ttZ 
cases. One can observe the dissimilarities in the two cross-sections cr^j^ and cr^f^: while cr^j^ is at 
most ~ 1.5 fb, a^fz can reach ~ 7 fb at around ^/s « 750 GeV and > 2mt. (Jiif^ drops with 
ruh while a^iz grows in the range rrih < 2m(. a^iz peaks at around rrih > 2mt and drops as 
grows further. Moreover, a^f/j peaks at around ^/s « 1(1-5) TeV for nih = 100(360) GeV, while 
aiiz peaks at around -y/i k, 750 GeV for both nih = 100 and 360 GeV. As we will see later, these 
different features of the two cross-sections are, in part, the cause for the different behavior of the 
CP asymmetries discussed below. 

Let us now concentrate on the CP-odd, T/v-odd effects in e^e~ tth, ttZ, emanating 
from the T/v-odd pieces in S_(j)ff2i respectively. From Eqs. |6.61 and 5.62 it is clear 
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that the CP-violating pieces T,_(^j^^ffi, have to be proportional to b'lc^ (in the ttZ case 

there is an additional similar piece corresponding to the heavy Higgs H). The corresponding 
CP-odd kinematic functions, F^^^J^^^^, F^^^J^^^^ being T/v-odd, are pure tree-level quantities and 
are proportional to the only non-vanishing Levi-Civita tensor present, e{p-,p^,pt,Pt), when the 
spins of the top are disregarded. The explicit expressions for are (recall that j = 1(— 1) 

for left(right) polarized incoming electron beam) 



2 2 

m 







+ 



+ n,^) [(s -St- ml){3wj -w+)+ m%{w 
TicfUz{U^-U^)f} , (6.64) 



+ 



{j(nf + nf) [m%w- + {st - s), 

Tj'cfUziUf-Uf)/} , (6.65) 

where s = 2p_ • p+ is the cm. energy of the colliding electrons, st = {pt + Pi)^ and / = (p_ — 
P+) ■ (Pt+Pt)- Also 

nf(j) ^ (2p,(,-) .pf^ + miy' , Uf^^^ ^ (2p,(,-) .pz + m%y' , (6.66) 

Hz ^ [s - miy\ = , Uzh = {{p - Phf - miy\ (6.67) 



and 



swQt - ^ cfUz ± Qtslrcl^U^ , (6.68) 

where sw{cw) is the sin(cos) of the weak mixing angle 6w, Qf and Tj are the charge and the 
z-component of the weak isospin of a fermion, respectively, and c^i = 1/2 — s^, cf = — s^. 

Since at tree-level there cannot be any absorptive phases, CP-violating asymmetries only of 
the T^r-odd type are expected to occur in Note that in the tiZ case there is also a CP-odd, 



T/v-even piece, b]^ c^lm(IlT-c) x -^.^/^wf^ (see Eq. 6.62| ), in the DCS. However, being proportional 



to the absorptive part coming from the Higgs propagator, it is not a pure tree-level quantity. 
Simple examples of observables that can trace the tree-level CP-odd effect in e~^e~ — > tth; tiZ 

are 

O = P—^^ , 0.,m) = ^ ; Oopt(«-Z) = 1^ . (6.69) 
Here Ooptitth; ttZ) are optimal observables in the sense that the statistical error in the measured 



asymmetry is minimized [16|. Note also that only the T/y-odd part of is involved. 

As mentioned before, since the final state consists of three particles, using only the available 
momenta, there is a unique antisymmetric combination of momenta that can be formed. Thus, 
both observables are proportional to e{p-,p+,pt,Pt). Furthermore, Oopt{tih;ttZ) are related to 
O through a multiplication by a CP-even function. In the following we focus only on the CP-odd 
effects coming from the optimal observables. We remark, however, that the results for the simple 
observable O exhibit the same behavior, though slightly smaller then those for Oopt. 
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The theoretical statistical significance, Nsd, in which an asymmetry can be measured in an 
ideal experiment is Nsd = A^/L^/a {a = (Juh^'^ttz for the tih,tiZ final states, respectively), 
where for the observables O and Oopt, the CP-odd quantity A, defined above, is 

Ao « {0)1 .JW) , ^opt « ^(Oopt) . (6.70) 

Also, L is the effective luminosity for fully reconstructed tth or ttZ events. In particular, we 
take L = eC, where C is the total yearly integrated luminosity and e is the overall efficiency for 
reconstruction of the tth or ttZ final states. 

In the following numerical analysis we have used set II defined before for the angles 01,2,35 
i.e., {01,02,03} = {7r/2, 7r/4, 0} 0. Figs, ^(a) and ^(b) show the expected asymmetry and 
statistical significance in the unpolarized case, corresponding to Oopt in Model II for the tth and 
ttZ final states, respectively. The asymmetry is plotted as a function of the mass of the light 
Higgs {rrih) where again, niH = 750 GeV in the tiZ case. We plot Nsd/\^-, thus scaling out the 
luminosity factor from the theoretical prediction p^ . 

We remark that set II corresponds to the largest CP effect, though not unique since we 
are dealing with angles, i.e., 01,2,3, which may be rotated by vr or tt/2 leaving the relevant 
combinations of angles with the same value (e.g., oc sinai sin 02)- In the tth case tan/? = 0.5 



is favored, however, the effect mildly depends on tan/3 in the range 0.3 < tan/3 < 1 [55, 185]. 
In the ttZ case, the effect is practically insensitive to 03 and is roughly proportional to 1/ tan/3, 
it therefore drops as tan/3 is increased. Nonetheless, we find that Nsd/VL > 0.1, even in the 



unpolarized case for tan /3 < 0.6 |184, 185]; note that Nsd/vL here is dimensionless if L is in 
fb-i. 

From Fig. |30|(a) we see that, in the tth case, as nih grows the asymmetry increases while the 
statistical significance drops, in part because of the decrease in the cross-section. Evidently, the 
asymmetry can become quite large; it ranges from ~ 15%, for < 100 GeV, to ~ 35% for 
rrih ~ 600 GeV. Indeed, the CP-effect is more significant for smaller masses of h, wherein A^pt is 



smaller. In contrast. Fig. 3C(b) shows that, in the ttZ case, Aopt stays roughly fixed at around 
7 — 8% for rrih ^ 2mt, and then drops till it totally vanishes at rrih = i^H = 750 GeV, due to 
the "GIM-like" mechanism discussed above. The scaled statistical significance Nsd/^/L behaves 
roughly as Aopt- That is, Nsd/VL w 0.1-0.2 in the mass range 50 GeV < m/j < 350 GeV, for 
both ^/s = 1 and 1.5 TeV. 

Figs, ^(a) and 31(b) show the dependence of Aopt and Nso/^fL on the cm. energy, ^/s, 
for the tth and ttZ cases, respectively. We see that, in the case of tth, the CP-effect peaks at 
^/s 1.1(1.5) TeV for rrih = 100(360) GeV and stays roughly the same as y/s is further increased 
to 2 TeV. In the case of tiZ, the statistical significance is maximal at around y/s ~ 1 TeV and 
then decreases slowly as grows for both ruh = 100 and 360 GeV. Contrary to the tth case, 
where a light h is favored, in the tiZ case, the effect is best for ruh > 2mj. In that range, on-shell 
Z and h are produced followed by the h decay h — > tt, thus, the Higgs exchange diagram becomes 
more dominant. 

In Tables ^ and ^ we present Nsd for Oopt, for the tth and ttZ cases, respectively, in Model II 
with set II, and we also compare the effect of beam polarization with the unpolarized case. 
As before, we take tan/3 = 0.5 and tan/3 = 0.3 for the tth and tiZ cases, respectively, where 
for the tiZ case we present numbers for both rriH = 750 GeV (shown in the parentheses) and 
vriH = 1 TeV, to demonstrate the sensitivity of the CP-effect to the mass of the heavy Higgs. For 
illustrative purposes, we choose rrih = 100, 160 and 360 GeV and show the numbers for y/s = 1 
TeV with C = 200 [fb]"^ and for Vs = 1.5 TeV with C = 500 [fb]-i (see [|92|). In both cases we 
take e = 0.5 assuming that there is no loss of luminosity when the electrons are polarized 

■^^Recall that for the tth final state we choose tan (3 = 0.5 while for the tiZ final state we take tan (3 — 0.3 
■^^as a reference value, we note that for L = ICQ fb~^, Nsd/VL = 0.1 will correspond to a l-cr effect 
■^^Clearly if the efficiency for tth and/or tiZ reconstruction is e = 0.25, then our numbers would correspondingly 
require 2 years of running. 
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Evidently, for both reactions, left polarized incoming electrons can probe CP violation slightly 
better than unpolarized ones. We see that in the tih case the CP-violating effect drops as the 
mass of the light Higgs (/i) grows, while in the ttZ case it grows with nih- In particular, we 
find that with y/s = 1.5 TeV and for ruh > 2mt the effect is comparable for both the tih and 
the tiZ cases where it reaches above 3-0" for negatively polarized electrons. With a light Higgs 
mass in the range 100 GeV < m/j < 160 GeV, the tth case is more sensitive to Oopt and the 
CP-violating effect can reach ~ 4-cj for left polarized electrons. In that light Higgs mass range, 
the CP-violating effect reaches slightly below 2.5-0" for the ttZ case. For a cm. energy of y/s = 1 
TeV and nih = 360 GeV, the tiZ case is much more sensitive to Oopt and the effect can reach 
2.2-0" for left polarized electron beam. However, with that cm. energy, the tth mode gives a 
larger CP-odd effect in the range nih ~ 100 — 160 GeV. 



Table 7: The statistical significance, Nsd, in which the CP-nonconserving effects in e^e" — > tth 
can be detected in one year of running of a future high energy collider with either unpolarized or 
polarized incoming electron beam. We have used tan /? = 0.5, a yearly integrated luminosity of 
C = 200 and 500 [fb]^^ for y/s = 1 and 1.5 TeV, respectively, and an efficiency reconstruction 
factor of e = 0.5 for both energies. Recall that j = 1(— 1) stands for right(left) polarized electrons. 
Set II means {ai, 02, 03} = {7r/2, 7r/4, 0} . Table taken from ^18^ . 





e+e" tth (Model II with Set II) 


(TeV) ^ 


j 

(GeV) 


Oopt 


ruh = 100 


nih = 160 


ruh = 360 


1 


-1 


2.2 


2.0 


1.1 


unpol 


2.0 


1.9 


1.0 


1 


1.8 


1.7 


0.9 


1.5 


-1 


4.0 


3.9 


3.2 


unpol 


3.6 


3.5 


2.9 


1 


3.2 


3.1 


2.6 



Table 8: The same as Table^ but for e+e~ ttZ, with tan/3 = 0.3. In this reaction, effects of 
the heavy Higgs, H , are included and Nsd is given for both mn = 750 GeV (in parentheses) and 
vfiH = 1 TeV. Table taken from \18l^ . 



e+e~ ^ ttZ (Model II with Set II) 





j 


Oopt 


(TeV) ^ 


(GeV) ^ 


ruh = 100 


rrih = 160 


m/i = 360 




-1 


(1.8) 1.7 


(1.8) 1.8 


(2.2) 2.2 


1 


unpol 


(1.6) 1.6 


(1.7) 1.6 


(2.0) 2.0 




1 


(1.5) 1.5 


(1.5) 1.5 


(1.8) 1.8 




-1 


(2.3) 2.9 


(2.4) 3.0 


(2.8) 3.3 


1.5 


unpol 


(2.1) 2.6 


(2.1) 2.7 


(2.5) 3.0 




1 


(1.8) 2.3 


(1.8) 2.3 


(2.1) 2.6 



Let us now summarize the above results and add some concluding remarks. We have shown 
that an extremely interesting CP-odd signal may arise at tree-level in the reactions e'^e~ — > tih 
and e"'"e~ — > tiZ. The asymmetries that were found are ~ 15%-35% in the tih case and ~ 5%- 
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10% for the tiZ final state. These asymmetries may give rise in the best cases, i.e., for a favorable 
set of the relevant 2HDM parameters, to ~ 3 — 4-c7, CP-odd, signals in a future e^e" collider 
running with cm. energies in the range 1 TeV < ^/s < 2 TeV. 

Note, however, that the simple observable, O, as well as the optimal one, Ooptj require the 
identification of the t and i and the knowledge of the transverse components of their momenta 
in each tih or tiZ event. Thus, for the main top decay, t — > hW , the most suitable scenario is 
when either the t or the i decays leptonically and the other decays hadronically. Distinguishing 
between t and i in the double-hadronic decay case will require more effort and still remains an 
experimental challenge. If, for example, the identification of the charge of the 6-jets coming 
from the t and the i is possible, then the difficulty in reconstructing the transverse components 
of the t and i momenta may be surmountable by using the momenta of the decay products in 
the processes e"'"e~ — > tih bW'^bW~h and e+e~ — > ttZ bW~^bW~ Z . For example, the 
observable 

O, = <P-^P^:P^^P-^) , (6.71) 
may then be used. We have considered this observable for the reaction e^e~ — > tih — > bW~^bW~h 



in |55]. We found there that, close to threshold, this observable is not very effective. However, 



at higher energies, Oh is about as sensitive as the simple triple product correlation O defined in 



Eq. |6.69| and, therefore, only slightly less sensitive then Oopt- 

Note also that for the light Higgs mass, = 100 GeV, the most suitable way to detect the 
Higgs in e^e~ — > tih — > bW^bW~h is via h ^ bb with branching ratio ~ 1. For ruh > 2m4, 
and specifically with set II used above, there are two competing Higgs decays, h ^ ti and 
h — > W~^W~ , depending on the value of tan/?. For example, for tan/3 = 0.5, as was chosen above, 
one has Br(/i ^ tf) ps 0.77 and Br(/i — > W^+VF") « 0.17, thus, the h ^ ti mode is more suitable. 
Of course, h ^ ti will dominate more for smaller values of tan/3 and less if tan/3 > 0.5. In 
particular, for tan/3 = 0.3(1) one has Br{h ti) ^ 0.89(0.57) and Bi{h W+W) w 0.08(0.32). 

Finally, as emphasized before, the final states tih and tiZ, in particular the tih, are expected 
to be the center of considerable attention at a linear collider. Extensive studies of these reactions 
are expected to teach us about the details of the couplings of the neutral Higgs to the top 
quark |l93f| . Thus, it is gratifying that the same final states promise to exhibit interesting 
effects of CP violation. It would be very instructive to examine the effects in other extended 
models. Numbers emerging from the 2HDM that was used, especially with the specific value 
of the parameters, should be viewed as illustrative examples. The important point is that the 
reactions e~^e~ — > tih — > bW^bW~h and e~^e~ — > tiZ bW~^bW~ Z appear to be very powerful 
and very clean tools for extracting valuable information on the parameters of the underlying 
model for CP violation. 

6.2.2 Generalized optimization technique and extraction of various Higgs couplings 



An optimization technique was employed by Gunion et al. in |51] for the process e^e~ tih. It 
was shown that this reaction may provide a powerful tool for extracting the tih Yukawa couplings 
and the ZZh couplings. A similar analysis for the reaction e^e~ tiZ was likewise considered 
in [186]. This technique is outlined in section 2^. The basic idea is that the nature of the Higgs 
particle, i.e., whether it is CP-odd or CP-even, may well be distinguishable through studies 
of momentum correlations in e~^e~ tih. In particular, greater information on the detailed 
dependence of E(j)ff/j($) on the variable ^ is extracted to deduce limits that can be obtained 
on the different Higgs couplings combinations in Eqs. [6.58 and S.61. As described before, the 
differential e^e^ tih cross-section contains five distinct terms which are explicitly written in 
Eqs. 6.55 and 6.61. The only CP-violating component is b^c^, while the others enter into the 
total cross-section as in Eq. |6.63 . 
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Gunion et al. have investigated two issues. For a given cm. energy and integrated luminosity 
at the NLC, they have examined: 

1. The 1-cr error in the determination of the couphngs a^,b^,c^, by fixing x^{tth) = 1 for a 



given input model with couplings 



0,i{n) 



tth 



2. To what degree of statistical significance can a model be ruled out, given a certain input 
model. 



Let us now elaborate more on how these two points were studied in [51|. With the optimal 
technique outlined in |51], Gunion et al. used unique weighting functions such that the statistical 
error in the determination of the various g^^^ in Eqs. 6.5S and 6.61 is minimized. They write 



i(n) 
9±tth 



E 

k 



(6.72) 



(see also section \2.( 

0,i{n) 



where 1^, Mj^ and the appropriate weighting functions are given in [| 

Then, given an input model, for which the couplings are denoted with the superscript as g'^l^^^ , 
one can compute the confidence level at which parameters of choice, different from the input 
model, can be ruled out 



x\tth) 



0,i(n) 
9±tth 



where 



^±tth 



y±tth 



(6.73) 



±tth ^±tth 



>-- 



(6.74) 



tth 



is the covariance matrix. N^n^ = La^n^ is the total number of tth events, with L the effective 
luminosity defined previously (after the efficiency factor, e, is included). Therefore, the sensitivity 
of \^{tth) to the couplings a^,b^, is determined by the covariance matrix directly. 

Three input models were considered in |51|. These correspond to different choices of the set 
of parameters a^, 6^* and c'^ (see Eqs. |3.7C1| and 3.71 in section 3. 2. 3D , as follows: 



(I) A SM neutral Higgs, with a'l = 1/V2, = 0, c'^ = 1. 

(II) A pure CP-odd neutral Higgs, with aj* = 0, ftj* = l/\/2, = 0. 



(Ill) A CP-mixed neutral Higgs, with 



b1 



1/2, c'^ = 1/^2. 



Given the couplings g^j^i^ in the above input models, they calculated x {tth) as a function of 



the location in a^, 6^, parameter space, from which the l-o" error in any one of these parameters 
was determined. Their results are shown in Table 

We see that aj* is well determined in all input models; in input models I and III, where aj* ^ 0, 
the 1-0" error is at the few percent level. In the same manner, is best determined in input model 
II, where « 10-15%, at l-o". The error in is above the 50% level in all three input models. 
However, this can be improved by considering the reaction at hand, i.e., e^e~ — > tth, combined 
with information extracted from the e'^e~ — > Zh cross-section as was done in [189]. Assuming real 
Higgs production and disregarding the subsequent h decay in the reaction e^e~ Zh, the cross- 
section cj(e"'"e~ Zh) contains one useful Higgs coupling combination, g'^^l = {c^)"^ . Therefore, 
the sensitivity to (c^)^ is increased when the above technique is also applied to (j{e^e~ — > Zh). 



Let us continue with a discussion of the work of Ref. [51| in which only the tth final state 
was considered. The ability to distinguish between different models was furthermore investigated 
by using the optimization technique. This is shown in Table 10. We see from this table, for 
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Table 9: The 1-a errors in a^, b^, and are given, for the three Higgs coupling cases I, II and 
III. Results are given for unpolarized beams and for 100% negative e~ polarization (P^ = —1) 
also ^ = 1 TeV, mh = 100 GeV, rrit = 176 GeV and L = 50 fb'^ . Table taken from 



Case 


TTi 


b'i ± Ab'l 


± Ac'* 


4' ± a4' 


P — 1 

b'l ± Ab'l 


C^ ± Ac^ 


I 


1 +0.030 
-0.047 


n+0.76 
-0.76 


1 +0.51 
-0.82 


1 +0.026 
^ -0.040 


n+0.70 
-0.70 


1 +0.51 
-0.77 


II 


n+0.19 
^-0.19 


1 +0.066 
^ -0.099 


PI +0.58 
^-0.58 


n+0.18 
^-0.18 


1 +0.056 
^ -0.085 


r.+0.55 

'-'-0.55 


III 


1 +0.053 

2 -0.062 


1 +0.22 

2 -0.44 


1 +0.57 
v^-0.80 


1 +0.047 

2 -0.052 


1 +0.19 

2 -0.33 


1 +0.56 
V2 -0.73 



Table 10: The number of standard deviations, \p)^ , at which a given input model (I, II or III) 
can be distinguished from the other two models, are tabulated, for ^/s,my^,mt and L as in Table^. 
Table taken from J^/ . 





Unpolarized e 


Pe = - 


1 




Trial Model 


Trial Model 


Input Model 


I 


II 


III 


I 


II 


III 


I 




9.5 


4.8 




11 


5.5 


II 


34 




17 


40 




20 


III 


6.3 


6.3 




7.3 


7.3 





example, that if the Higgs is the SM one, then the pure CP-odd case (input model II) and the 
equal CP-mixture case (input model III) are ruled out at the 9.5-cj and 4.8-ct level, respectively. 
Note also that negative beam polarization slightly improves the results. 

Finally, the ability for determining a non-zero CP-violating component, b^c^, was also inves- 
tigated in |51|. They found that with rrih = 100 GeV, L = 100 fb^^ 0, a non-zero b'lc^ coupling 



can be established at a level better then 1-a in a 1 TeV e'^e collider. 

6.2.3 CP asymmetries in e+e^ Zh and in the subsequent Higgs decay h ^ tt 

We now consider the process e~^e~ — > Zh followed hy h ^ tt. As we have discussed above, in 
general, one cannot ignore the SM-like diagrams of class (a) on the right hand side of Fig. ^ 
when analyzing CP violation in the reaction e~^e~ ttZ. Moreover, inclusion of those diagrams 
and interfering them with diagram (b) on the right hand side of Fig. gives a bonus in the 
appearance of tree-level CP violation in e~^e~ — > ttZ. However, let us assume that the Higgs has 
already been discovered, with a mass of rnt > 2mt, by the time a high energy e~^e~ collider starts 
its first run. In such a scenario, one should in principle be able to separate the contribution of 
the Higgs exchange graph in e~^e~ ttZ from the rest of the SM-like diagrams which lead to the 
same final state, by imposing a suitable cut on the invariant tt mass. Taking this viewpoint, we 
will consider Higgs production via e^e~ — > hZ and CP violation in the subsequent Higgs decay 



^^this is the value considered by us in the previous section 3.2.1 for which the results in Tables Q and ^ are given 
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h tt. 

A general method for tracing CP-odd and CP-even t, i spin-correlations, in h 



tt, was 



introduced in |194]. There, it was assumed that an on-shell Higgs, with m/j > 2mt, is produced 
through, for example, e^e~ — > Zh,i'^£~h or even h, and that its rest system can be 

reconstructed. In |195| ], a helicity asymmetry in h ^ tt was suggested, where e^e~ — > Zh was 
explicitly assumed as the Higgs production mechanism. We will describe below these two works. 
Other related works can be found in 



i9q , Wn , im, |i9|, |og, |o3, |20|] . 

ti stands out as an independent decay 



In the method suggested in |194], the decay h 
process, in which top spin-asymmetries can be formed. Consider, for example, the observables 



Si 



t) , 



S2 = kt • (st X St) 
■Ss = Sf St , 



(6.75) 
(6.76) 
(6.77) 



where Sj(sj) is the spin operator of t{t) and kt is the top quark 3-momentum in the ti cm. frame. 
Si and ^2 are CP-odd, where Si is TAr-even and ^2 is T/v-odd. Therefore, a non-zero expectation 
value of Si will also require absorptive parts, while < ^2 can be generated already at the 
tree-level. ^3 is CP-even and is also generated at the lowest order (i.e., tree-level). For a general 
tth Yukawa interaction Lagrangian as in Eq. it was found in |194| that the spin-asymmetries. 



'^1,2,3 in Eqs. 6.75- 6^77] , depend only on one combination of the couplings at and 



n 



b1 



+ b1 ' 



(6.78) 







which takes values between to 1, i.e., < rj < 1, where the lower limit corresponds to b^ 
and the upper one to at = 0. 

These observables can be translated to correlations between momenta of the t and i decay 
products. To do so, one can define decay scenarios of the t and t, through which both the t and 



t momenta and spins can be reconstructed in the most efficient way [I94|: 



A: 



W+ + b 
W- + b 



e+ + ui + b 

q + q' + b 



The sample A is defined by the charge conjugate decay channels of the tt pairs 



A: 



W+ + b 
W- +b 



q + q' + b _ 
£- +i'e + b 



(6.79) 



(6.80) 



In these decay samples, either the t 01 t decays leptonically while the other decays hadronically. 
Each of these samples has a branching fraction of about 2/9 of all tt pairs. 



With these decay scenarios Ref. [194| found the momentum correlations 01,2,3 which trace 
the spin correlations 5i^2,3) respectively, 



(Oi) 
{O2) 

{O3) 



(kt-p^+)^ + (kt-p^_)_4 = -(5i) , 

( k* • (P^ xpi))A-{k- {P}- X p^) = ^ ijT^) ^ 



1 - 2x 



+ 2x 



{S3) , 



(6.81) 

(6.82) 
(6.83) 
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where p^+(p^-) is the flight direction of £~^{£ ) in the t(F) quark rest system. Similarly, p^(p^) 

/m^ and the factor 



m 



wi 



is the unit momentum of the 6(5) in the rest system. Also, 
(1 — 2x)/(l + 2x) ~ 0.41 measures the spin analyzing quality of the 6(6) (see section 

The number N^^'^'^ of h ^ tt events that is required to establish a nonzero correlation ( 01,2,3 ] 
at the NsD - standard deviations - significance level are given by 



1,2,3 



Ar2 



Br{A) X ^2 



(6.84) 



where 



2,3 



{O 



1,2,3 , 



(6.85) 



2,3 / 



and Br(^) = Br(^) is the branching ratio of the decay samples A or A. In particular, disregarding 

the T leptons we have Br(^) = 4/27. The number of events needed for a 3-a (i.e., Nsd = 3) 

observation of the spin-correlations, 5i^2,3) of Eqs. 6.75-3.77 are given in Fig. 32, for nih = 400 

GeV, Br(^) = 4/27 and as a function of the parameter rt defined in Eq. 6.75. These can be 

12 3 1 

simply obtained from N^^ ' in Eq. p.84| , by using the relations between Oi,2,3 and 5i^2,3 given in 

Eqs. [eysiHO^ . 

It should be noted again that, while ©2,3 are non-zero already at the tree-level, Oi, being 
T/v-even, requires an absorptive phase and, therefore, its non-zero contribution first arises only at 
the 1-loop level in perturbation theory. Thus, Oi is expected to be less effective (as can be seen 
from Fig. ^). In [194] the 1-loop QCD corrections to 01,2,3 were computed. For the operators, 
02,3, the QCD corrections were found to be of the order of a few percent compared to the leading 
tree-level contribution, and were therefore neglected. 

We see from Fig. ^ that, for example, values of rt in the range, 0.18 < < 0.52, would give 
rise to a 3-0" CP-odd effect in O2 with a data sample of N'^^ ~ 1500, i.e., ~ 1500 {h tt) events. 
Note also that a simultaneous measurement of O2 and O3, with these ~ 1500 events, would have 
a 3-0" sensitivity to rt from 0.18 to its maximal value of 1. Furthermore, production of a few 
thousands of /i ^ events through the Bjorken mechanism, e~^e~ hZ, is indeed feasible. For 
example, if a CP-mixed neutral Higgs (with both scalar and pseudoscalar couplings and bt ) 
with a mass m/i = 400 GeV, has a ZZh coupling of a SM strength, then the cross-section for 
e~^e~ — > hZ is of the order of a few fb's for e^e~ cm. energies in the range 500 GeV < ^/s < 1000 
GeV.^ Therefore, with a yearly integrated luminosity of i2 ~ 10^ fb~^, hundreds of hZ pairs can 
be produced and, thus, a ~ 2-o" limit on rt may be achievable. 

An interesting CP-violating helicity asymmetry in h ^ tt was suggested in [|195||: 



r(++)-r(- 



(6.86) 



r(++) + r(++) ' 

where r(-|--|-) and r( ) are the decay widths of the lightest Higgs-boson h, into a pair of tt 

with the indicated helicities. Since under CP: (++) ^ ( ), non-zero 

Oi^t would be a signal of 

CP violation. 

Oft is CP-odd but T/v-even, therefore, it requires a CP-odd as well as a CP-even absorptive 
phase (i.e., FSI phase). As mentioned several times before, in a 2IIDM with a CP-mixed neutral 
Higgs, the CP-odd phase is provided by the simultaneous presence of the scalar and pseudoscalar 
tth couplings in the tth interaction Lagrangian. The FSI absorptive phase is generated at the 
1-loop level from the diagrams in Fig. 33. The expressions for the different contributions to Ott 



corresponding to the different diagrams in Fig. 33 are given in |195]. There, it was found that 
with rrit = 180 GeV and rrih > 2mt, O^ of the order of 50% is possible. Explicitly, assuming the 

^^The cross-section for e'^e~ hZ is given, for example, in ^]. With ruh = 400 GeV and for c'' = 1, i.e., the 
SM ZZh coupling, a{e+e- hZ) ~ 3.5(8.5) fb for = 500(1000) GeV. 
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Higgs to be produced through the Bjorken mechanism, e^e hZ, the statistical significance, 
NsD, with which this asymmetry can potentially be detected is 



NsD = VLJa{e+e~ ^hZ)x0^t . (6.87) 



In 1 195] an effective integrated luminosity of L = 85 fb^^ was assumed and a scan for maximal 
NsD was performed as a function of the 2HDM parameters tan/3 and ai^2,3- It was found that 
with tan/3 = 0.5, for example, and with nit = 180 GeV, ruh > 2mt, up to a 7-a detection of 
a CP-violating signal from is feasible, if the Higgs is produced via e~^e~ hZ. It should 
be emphasized, however, that there is a potential background to the tt pairs (coming from the 
subsequent Higgs decay in e'^e~ — > hZ) from the SM-like diagrams included in Fig. |2^. Therefore, 
as mentioned before, in order for such a study to be practical one has to know the mass of the 
Higgs prior to the actual experiment and, with a sufficient mass resolution, demand that the 
invariant tt mass reconstructs the Higgs. 
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Figure 29: The cross-sections (in fb) for: (a) the reaction e~^e~ tth with tan/? = 0.5 and (h) 
the reaction e+e~ ttZ with tan/3 = 0.3, assuming unpolarized electron and positron beams, 
for Model II with set II and as a function of mh (solid and dashed lines) and ^/s (dotted and 
dotted-dashed lines). Set II means {ai,a2,«3} = {7r/2, vr/4, 0} . Figure taken from ^IS^j . 
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Figure 30: The asymmetry, A^pi, and scaled statistical significance, Nsq/^/L, for the optimal 
observable Oopt for: (a) the reaction e~^e~ — > tth with tan /? = 0.5 and (b) the reaction e~^e~ — > 
tiZ with tan/3 = 0.3, as a function of the light Higgs mass rrih, for ^/s = 1 TeV and 1.5 TeV. 
All graphs are with set II of the parameters, as in Fig. 2i>, figure taken from ^ISl]. 
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Figure 31: The asymmetry, A^pi, and scaled statistical significance, Nsq/^/L, for the optimal 
observable Oopt for: (a) the reaction e~^e~ — > tth with tan/3 = 0.5 and (b) the reaction e~^e~ — > 
ttZ with tan/3 = 0.3, as a function of the cm. energy y/s, for vrih = 100 GeV and ruh = 360 
GeV. All graphs are with set II of the parameters, as in Fig. 2i. Figure taken from [185]. 
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Figure 32: Number of events h ^ tt to establish a non-zero correlation (5i^2,3 ) with 3 standard 
deviation significance, as a function of rt (see Eq. 6. 78 ) and for a fixed Higgs mass of rrih = 400 



GeV. The dashed line represents the result for N^^, the solid line is the result for N-^^ and the 
dotted line is the result for Nf'r. nit 



175 GeV, figure taken from [194] ■ 
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6.3 e+e" ttg 

Given the importance of the top pair production at the NLC, it should be clear that the associated 
gluon emission will also receive considerable attention. Of course, the gluons will be radiated 
off top quarks quite readily once the threshold for top pair production will be reached. One 
important advantage of the reaction e^e~ — > ttg is that it is rich in exhibiting several different 
types of CP asymmetries which can be driven by 1-loop effects induced by extensions of the SM. 
For example, exchanges of neutral Higgs from MHDM's with CP violation in the scalar sector, 
or exchanges of SUSY particles which carry a CP-odd phase in their interaction vertices, could 
give rise to both T/v-odd and Tjy-even type CP-violating dynamics. Therefore, both CP-odd, 
T/v-odd and CP-odd, T/v-even type observables can be used to extract information on the real 
and imaginary parts of the amplitude. With three particles in the final state there are enough 
linearly independent momenta available so that the construction of CP-odd, T^r-odd observables 
is straightforward; there is no need to involve the spins of the top. 

Following our work in [ p03|| , we give below the full analytical formulae of the tree-level DCS 
(Differential Cross-Section) as well as a description for extracting the 1-loop CP-violating DCS 
that can be used for any given model. The SM tree-level diagrams, are depicted in Fig. U. 

The incoming polarized electron-positron current can be written as 

J^'^^^ =v,{p+)j^PjUe{p-) , (6.88) 

where Pj = x 75) and j = —1(1) for left (right) handed incoming electrons. p+(p_) are the 

4- momentum of the positron (electron) and p = (p_|_ + P-) is the 4- momentum of the s-channel 
gauge-boson (the contribution from an s-channel Higgs vanishes for me — > 0). 
We also define the following constants 



= ^^^T^gs^zC^ , = (47ra)r«5,n^g, , (6.89) 



(47ra) 

where is the appropriate SU(3) generator, gg is the strong coupling constant, Qq is the charge of 
the quark and cw{sw) stands for cos 0^1/ (sin ^vf); respectively. Also C| = C£(CJj) for j = —1(1) 
with = — 2I3 + 2Qfs'yY and = 2QfSy^. Hz and are the gauge-boson propagators given 

by 

Then the tree-level matrix element is given by 

M'' = Mai + Ma2 + Mm + Mb2 , (6.91) 

where Mai, Ma2, Mti and Mb2 are obtained from diagrams (oi), (02), (&i) and (62) in Fig. 
respectively, all emanating from the SM. We thus get 



A^O ^ lj>f(^)u{pg){Cz[UgT^al)f,-UgT(^a: 



2 
2C^ 



+ 



^qT{bl)^i - ^qT(b2)fA. 



]v{pq). (6.92) 



Here Pq{pq) is the 4- momentum of the outgoing quark (anti-quark), pg is the gluon's 4-momentum 
and the quark and anti-quark propagators are given by 

n„ = i , Ylq = i . (6.93) 

2pq ■ Pg 2pq ■ Pg 



Furthermore, the hadronic vector elements in Eq. 6.92| are 
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T^ai), = MA+^g + m.hf^C+R, (6.94) 

T(a2)^ = lfiCLBih + i>9-mq) , (6.95) 

V)M = nai),{Ctj,^l) , (6.96) 
T(fe2)M = 7^(a2),(C+^ -l) , (6.97) 

rja being the polarization vector of the gluon and C^^ = ClL+C'^R, where L{R) = Pj=-i{Pj=i). 

In Fig. 35 we have plotted the tree-level cross-section as a function of the cm. energy in an 
e~^e~ collider for polarized and unpolarized incoming electron beam. To facilitate experimental 
identification as well as to avoid infrared singularities we have imposed a cut on the invariant 
mass of the jet pairs so that {Pg+Pt)'^ and {pg +Pt)'^ > {mt + m-o)^ where we have taken mo = 25 
GeV. This cut, which effectively cuts the gluon energy, also removes soft gluon emission from the 
secondary 6-quarks of the top decays. We see from Fig. ^ that with an integrated luminosity 
of £ ~ 200 fb-^ a 1 TeV (500 GeV) e+e" colhder will be able to produce about ~ 3 x 10"^ 
(~ 1 X 10^) tig events. 

In a given model, the CP-violating corrections for the reaction 



e (p_)e+(p+) q{Pq)q{Pq)g{pg) , (6.98) 

requires the calculation of the corresponding 1-loop diagrams. Let us write the general form of 
the 1-loop matrix elements that violate CP as A^^. For a given underlying model, the subscript 
indicates the diagram and the superscript indicates which gauge particle is exchanged in the 
s-channel. Thus 

M", = Jl^^^^u{p,)HP^v{pg) , (6.99) 

where Hj^^ is the "hadronic vector" corresponding to each diagram and exchanged quanta. De- 
noting the complete CP-violating 1-loop contribution by 

^^'' = EE-^^ (6-100) 

the A4^ can be calculated within a given model, and the polarized CP-nonconserving DCS to 
1-loop is then obtained from the interference terms between the 1-loop and the Born amplitudes 

+M^M^*) . (6.101) 
Here the sum is carried over the polarizations of e"*", t, t and g. 
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Figure 35: The cross-section for the reaction e+e" ttg (in fb) as a function of the cm. energy 
-y/i, for unpolarized (solid line), negatively polarized (dotted line) and positively polarized (dashed 
line) incoming electron beam. The cuts {pg + pt)'^ > {mt + ^tiq)^ and {pg + pi)^ > {nit + fno)'^ , 
mo = 25 GeV, are imposed. Figure taken from f^OS^] . 
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Figure 36: CP violating Feynman diagrams contributing to e'^e~ qqg to 1-loop order in a 
2HDM (h is a neutral Higgs-boson). Diagrams with permuted vertices (i.e., q ^ q) are not 
shown. 

6.3.1 2HDM and CP violation in e+e" ttg 

In a 2HDM, CP-violating neutral Higgs exchanges, at 1-loop order, can give rise to the Feynman 



diagrams depicted in Fig. ^ 203 |. We take the limit nie — > 0, thus neglecting all the diagrams 
that are proportional to the electron mass. This includes any diagram that involves electron 
coupling to the Goldstone modes, hence proportional to mg. 



The relevant Feynman rules for the diagrams in Fig. 36 can be extracted from parts of the 
Lagrangian involving the ffTi^ and ZZTi^ couplings Op fej and defined in Eqs. 3.7C and 3.71 , 
respectively.p^ Again, for simplicity, we will consider only one light neutral Higgs, /i, assuming 
that the remaining two are considerably heavier. Furthermore, for simplicity, whenever necessary 
we set the masses {rriH) of the remaining two neutral Higgs particles to be 1 TeV, i.e., assume 
that they are degenerate. 

All the CP-violating terms in the 1-loop amplitudes corresponding to the diagrams in Fig. ^ 
emerge through interference of the scalar coupling (for a quark q) with the pseudo-scalar 

Recall that T-& stand for any one of the three, i.e., = 1, 2 or 3, neutral Higgs in a 2HDM. 
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coupling in any exchange of a neutral Higgs. In the diagrams where the Higgs exchange is 
generated at the ZZh vertex, the CP-violating terms will be proportional to bg x c^. The CP- 



violating 1-loop amplitude can then be calculated (for details see ]203| ) and the DCS can be 
schematically written as 



= So(0) + (0) + Sf-(c/>) . (6.102) 

Here So(</') is a CP-even piece and Si is a CP-odd piece which is further subdivided into two parts 
that depend on the real and imaginary components of the amplitude. Thus, CP-odd, T^r-odd 
and CP-odd, Tjv-even effects will emanate from ''((/)) and S]^™((/)), respectively. 

To estimate the CP-violating effects of both the T/v-even and T^r-odd types, the following 
two CP-odd observables were considered in [|203|] for the reaction e'^e" ttg 



Tn — even 



odd 



0^l = 



Orl = 



P- ■ {pt + Pt) 

s 

p- ■ {pt X Pi) 
s3/2 



(6.103) 
(6.104) 



A non-vanishing expectation value of any one of these would signal CP violation so that exper- 
imental searches for them can be performed without recourse to any model. However, as was 



mentioned in section 2.6, within the context of any given model one can also construct optimal 
observables i.e., those observables which will be the most sensitive to CP violation effects in that 
model mil. 



ropt 



(6.105) 




Figure 37: Number of events (in units of 10^^ needed to detect CP violation via {On), {Ori), 
(Oiopt) and (Oropt) to 1-a level, as a function of the total beam energy, y/s, for left-handed 



polarized incoming electron beam, m/j = 100 GeV, rrin = 1 



Te V and 



1 are used. 



Also, the cuts {pg +pt) > {rnt + mQ) and {pg + pi) > {mt + mo) , niQ = 25 GeV, are imposed. 
Figure taken from ^20c 



The number of events needed in order to detect a CP-odd signal at the 1-a level via each of 
the above four CP-violating observables, is shown in Figs. 37 and 35 for = 100 and 200 GeV, 
respectively. In Fig. 39 we have magnified the range ^/s = 400 — 600 GeV using the same Higgs 
masses. In these figures we have focused on the case of left polarized incoming electrons while in 



Table 11 we give a brief comparison of the left, right and unpolarized electron beam cases. Also, 
the following assumptions are made: 
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Figure 38: Same as Fig. 37 except = 200 GeV. Figure taken from f&O, 
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Figure 39: Number of events (in units o/lO^J needed to detect CP violation via (Oj-i) a'^c^ (O^opt) 
to i-cr /ewe/ as a function of total beam energy in the range ^/s = 400 — 600 GeV for mu = 1 
TeV, nifi = 100 and 200 GeV. The rest of the parameters are as in Figs. 31 and^^. Figure taken 
from l2Mj. 
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1) As mentioned before a cut on the invariant mass of the jet pairs was imposed, so that (Pg+Pt)'^ 

and {pg + Pt)"^ > {mt + mo)"^, where we have taken niQ = 25 GeV. 

2) The T^r-odd observables, being proportional to the dispersive parts of the loop integrals, are 

sensitive also to the mass of the two heavier neutral Higgs particles, mn- For simplicity, 
we have chosen these two Higgs particles to be degenerate with a mass of 1 TeV. 

3) We set the relevant Higgs couplings to unity. That is, = bi = = 1 (for q = t) which 

serves our purpose of finding the order of magnitude of the CP-odd signal that can arise in 
this reaction. In fact, CP violation in e^e~ — > ttg is found to be dominated by the terms 
proportional to x b^. With regard to that, we note that, for low values of tan/3, i.e., 
tan (3 < 0.5, the product x can reach values above ~ 5 and, therefore, our choice above 
of X b^ = 1 is rather conservative. 





j 


Oil 


Orl 


Ojopt 




rrih = 
100 


rrih = 
200 


rrih = 
100 


rrih = 
200 


rrih = 
100 


rrih = 
200 


rrih = 
100 


rrih = 
200 


400 


-1 


1.8 


11.5 


0.07 


0.05 


1.0 


6.0 


0.05 


0.05 


unpol. 


22.5 


134.8 


0.05 


0.05 


6.5 


37.0 


0.05 


0.04 


1 


2.3 


17.1 


0.05 


0.04 


1.3 


8.4 


0.04 


0.03 




700 


-1 


3.4 


20.0 


2.2 


2.1 


1.7 


5.1 


1.9 


1.7 


unpol. 


48.6 


263.9 


2.2 


1.9 


12.2 


38.6 


1.8 


1.4 


1 


4.5 


30.8 


1.9 


1.8 


2.0 


5.9 


1.5 


1.2 




1000 


-1 


4.0 


10.5 


14.4 


14.1 


2.6 


4.5 


11.6 


10.8 


unpol. 


63.4 


158.2 


14.3 


10.3 


20.5 


35.3 


10.8 


8.4 


1 


5.0 


14.0 


14.1 


10.3 


3.1 


5.4 


10.7 


8.3 



Table 11: The unpolarized case is compared with left polarization (j = —1) and right polarization 
(j = +1) of the e~ . The number of events in units of 10^ needed for detection of asymmetries, 
to 1-a level are given. The values of ^/s and rrih o,re given in GeV. The results for the T^-odd 
observables are given for mu = 1 TeV, where mn is the mass of the two heavy Higgs (see also 
text). Table taken from l20^] . 



we can 



Summarizing briefly the numerical results presented in Figs. 37-p9| and in Table 11, 
see that for the optimal observable Ojopt, for both a 500 GeV and a 1 TeV e+e" collider, the 
number of needed tig events in order to detect a 1-a CP-odd signal is comparable and is around 
few X 10^ with neutral Higgs masses in the range 100 GeV < rrih < 200 GeV. With O^opt the 
number of needed ttg events at cm. energies around 1 TeV is few x 10^. However, we see from 



Fig. 39 that, at a cm. energy of 500 GeV and for 100 GeV < rrih < 200 GeV, a 1-a measurement 
of Oropt will require few x 10^ ttg events. From Table 11 we see that for the TAr-even (i.e., O 



ii 



and Ojopt) cases the polarization makes a significant difference and improves their effectiveness 
by about an order of magnitude or even more. For these it seems that the left-polarized case is 
marginally better than the right one. 

Bearing in mind that with an integrated luminosity of £ 200 fb~^, about ~ 10^ ttg will 



be produced in a 500 GeV NLC, and few x 10^ in a 1 TeV NLC (see Fig. 35), the observability 
of a non- vanishing value for Oropt) to the 1-a level, in a NLC with cm. energies of 500 GeV is 
marginal, while Ojopt falls short by about an order of magnitude. Also, with a 1 TeV NLC that 
can produce up to 3 x 10^ ttg^s a year, the CP-odd signal from Oropt falls short by almost two 
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orders of magnitude, while the number of events needed to detect a CP-odd effect through Ojopt 
is one order of magnitude away from the expected number of available events in such a collider. 

Clearly, although the CP-violating effects driven by neutral Higgs exchanges that were found 
in ]203| ] fall short by at least one order of magnitude for a 3-cj detection, this does not rule out 
the possibility of larger effects in other extensions of the SM (e.g., SUSY). Therefore, theoretical 
and experimental studies of CP violation in the process e~^e~ — > tig may still be worthwhile. 



6.3.2 Model independent constraints on top dipole moments 

The effects of anomalous EDM (dj), ZEDM {df) and CEDM (df) couplings of the top quark to 



a photon, Z-boson and a gluon, respectively, in e~^e~ — > ttg were considered in [204, p05| . 

Let us write an effective top quark interaction with a neutral gauge-bosons V = 'y,Z oi g, 
which involves the top magnetic and electric dipole moments (see also section |2.5|) 



= Tp-t^t^fQ" (i^v - i^vlb) tFy ■ (6.106) 
Irrit 

Here g-^ = gw^w = dz = 9w f^^w and gg = g^-, where gw^Qs) is the weak(strong) coupling 
constant, cw = co^Qw, 9 is the gauge-boson 4-momentum, and Fy, V = A,Z oic G, is the 
appropriate gauge field (color index is suppressed). Moreover, in Eq. |6.106| we have introduced the 
CP-conserving(violating) dimensionless effective anomalous couplings Kvi^v) of the top quark 
to a gauge-boson V = ^, Z oi g. Note that Ky and ky are related to cf (the magnetic-like dipole 
moments) and to dY (the electric-like dipole moments), defined in Eq. |6.2| , via 

KV = — X cY , (6.107) 

9V 

kv = — X dY , (6.108) 
9V 

and that Ky and ky are, in general, complex. In particular, for the convenience of the reader 
we note that ky ~ 0.1(1) corresponds to a top electric-like dipole moment coupling of dY ~ 

0.55(5.5) X 10-1"^ gv-cm. 

The implications of the effective top couplings in Eq. |6.106| can be studied by either consider- 
ing CP-even or CP-odd observables in the reaction e~^e~ — > ttg. Of course, it should be clear that 
an analysis of CP-even quantities like cross-sections and the shape of the gluon energy spectrum 



|20J], or CP-even combination of polarization asymmetry |205| , can place rather mild constraints 
on the absolute values of various EDM's as only ky enters into such quantities. Let us summarize 



below the limits that can be obtained on the various EDM couplings of Eq. 6.106 by analyzing 
the effects of CP-even and CP-odd quantities on the reaction e+e" — > ttg. 



6.3.2a CP-even observables 



In [204 1 it was suggested that the process e+e" — > ttg can be used to obtain limits on the 
anomalous dipole-like couplings of the top to 7, g and Z through the analysis of the associated 
gluon energy spectrum. 

If the couplings of the top to the neutral gauge-bosons 7, Z and g are altered by the effective 
magnetic and electric-like interactions in Eq. 3.106, then by allowing one or more of the different 
Kv's and Kv's to be non-zero, the shape of the gluon energy spectrum in the process e+e" ttg 
can be modified. In [204], Monte Carlo data samples (assuming that the SM is correct) were 
generated and then a fit to the general expressions for the Ky — \kv\ dependent spectrum were 
performed with which a 95% CL allowed region in the Ky — \kv\ was obtained. This procedure 
is done for each gauge-boson separately. That is, in analyzing the limits that can be placed 
on the various dipole moment couplings, only one pair of Kv,kv corresponding to one neutral 
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gauge-boson, V = Z or g, was allowed to have a non-zero value. As we have mentioned before 
the usefulness of the bound on the magnetic moment is rather limited as it receives significant 
contribution from QCD. 

Summarizing now the limits obtained in [204|, Fig. 40 shows the 95% CL allowed region in 
the Kg — \kg\ plane for both a 500 GeV and a 1 TeV e'^e" NLC. We see that the CEDM coupling, 
Kg, can be bounded in a 500 GeV NLC to \Kg\ < 0.6 — 0.8. For the CMDM coupling, for whatever 
it is worth, the allowed values are Kg ~ itfew x 10~^, with integrated luminosities of 50 — 100 
fb~^ and with a cut on the gluon energy of Eg > 25 GeV. In a 1 TeV NLC, the limit on the 
CEDM coupling is approximately twice as strong as what can be achieved in a 500 GeV NLC. 



It should be noted that in | 205 | two other CP-even quantities were considered: the cross- 
section itself and a CP-even combination of the top and anti-top polarizations. The limits ob- 
tained there for the CEDM of the top, Kg, are somewhat weaker then those shown in Fig. 4C. 



In analyzing the anomalous EDM's of the top to a photon and a Z-boson, the "normalized" 



gluon energy distribution was used in p04[| : 



dz 



1 



tig) 



tt) 



dz 



(6.109) 



It was then found that the EDM coupling of the top quark to a photon, be constrained 



at the NLC by studying the reaction e~^e 
NLC with integrated luminosity of 50 fb~^. 



ttg. From Fig. 41(a) we see that at a 500 GeV 



only long narrow bands around k^ 



-1 or are 
-1 



allowed which then gives < 0.4-0.6. In a 1 TeV NLC with integrated luminosity of 100 fb" 
one circular narrow band between —0.4 < K7 < is allowed giving 0<\K.y\< 0.2. 

The anomalous EDM coupling of the top quark to the Z, Rz, is much less constrained. In 
particular, from Fig. ^(b) we see that with a 500 GeV NLC and integrated luminosity of 50 
fb~^, < \kz\ < 0.5 is allowed if —0.5 < < 0.1. However, with a 1 TeV NLC and integrated 
luminosity of 100 fb~^, the allowed region in the kz — kz plane is considerably reduced. Namely, 
~ \^z\ ^ 0.1 can be achieved if —0.2 < kz < 0- Also, as was shown in [204], doubling the 



integrated luminosity does not increase the sensitivity of the NLC to these anomalous couplings 
of the top quark. 

To conclude, note that while the process e^e^ — > tt will presumably be more appropriate for 
the exploration of CP-odd effects driven by the top dipole moment couplings to 7 and Z (see 
section 0.1| ), the reaction e^e~ — > ttg might be the only place for searching for the CEDM of the 
top quark at the NLC. In that sense, an investigation of the effects of kg on CP-odd quantities 
in the ttg final state at an e^e~ collider, is worthwhile. This was done in p05f| by constructing 
a genuinely CP-odd observable out of the top and anti-top polarizations and is described below. 



6.3.2b CP-odd observables 



An interesting CP-odd observable was suggested in 
polarization and is defined as 



05||. This observable involves the top 



^(T)-^a)+^(T)-^a) 



(6.110) 



where (t(|), a(|) refer respectively to the cross-sections for top and anti-top with a positive spin 
component in its direction of flight, and cr{l), a(|) are the same quantities with a corresponding 
negative spin component. 



In [205] the sensitivity of Aa^ ^ to the CEDM of the top, kg, was studied. Note that Aa^ 



) 



is CP-odd and T/v-even and therefore depends on the imaginary parts of the combinations of 
couplings 9m(K*Kg) and Q'm(Kg) in Eq. 6.106| . The 90% CL limits on the values of 9m( 
and Qm.{Kg) were obtained from |205| : 



[KgKg) 



Acr^ \Kg,kg) 



2.1b dC \ asM{])+^sM{]) 



(6.111) 



155 



where in the above expressions, the subscript "SM" denotes the value expected in the standard 
model, with Kg = kg = 0; e is the top detection efficiency and C is the integrated luminosity. 



Eq. lOIT gives contours in the Qm{K*Kg) - Qm{Kg) plane which are shown in Figs. ^2|(a) 



and 0(b) for cm. energies of ^/s = 0.5 and 1 TeV, respectively, for an integrated luminosity of 
C = 50 fb^^ and for e = 0.1. Also different polarizations of the incoming electron beam, Pg, are 
considered in Figs. p2|(a), (b). The allowed regions in Figs, ^(a), (b) are the bands lying between 
the upper and lower straight lines. We see that the dependence of Aa^^^ on the electron beam 
polarization is rather mild. 

It was also suggested in |205| that a measurement of Aa^~^ at two different cm. energy may 



improve the limits on 9m(«;*Kg) and Qm{Kg). This is demonstrated in Fig. 42 where it is shown 



that from measurements of Ao"'- •* at ^/s = 0.5 and 1 TeV, the possible limits are 

- 0.8 < Qm{K*gkg) < 0.8 , - 11 < Qm{kg) < 11 . (6.112) 



Although dealing with a genuine CP-odd observable, the limits in Eq. |6.112 are still weaker by 



about an order of magnitude than those obtained through the study of the gluon jet energy 
distribution. Note however, that those limits are placed on the imaginary part of kg while the 
limits obtained through the study of the gluon jet energy distribution are set on the absolute 
value of the top CEDM. 
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Figure 40: 95% CL allowed region in the Kg — \Kg\ (recall that kg = {2mt/gs) x df) plane obtained 
from fitting the gluon spectrum. On the left above: E^^"^=25 GeV at a 500 GeV NLC assuming an 
integrated luminosity of 50 (solid) or lOO(dotted) fb~^ . On the right above: for a 1 TeV collider 
with i?™" = 50 GeV and luminosities of lOO(solid) and 200(dotted) fb~^. Figure taken from 
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Figure 41: 95% CL allowed regions obtained for the anomalous couplings (a) n^^R^ and (h) kz, Rz 
at a 500(1000) GeV NLC, assuming a luminosity of 50(100) fb~^ , lie within the dashed(solid) 
curves (recall that = {2mt/e) x (£[ and kz = {2mt/gw /"^cw) ^ ^f)- "^^^ gluon energy range 
z = 2Egl ^ > 0.1 was used in the fit. Only two anomalous couplings are allowed to be non-zero 
at a time. Figure taken from ^204J - 
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Figure 42: Aa^^^ contour plots in the Qm{K,*kg) (vertical axis)-Qm{kg) (horizontal axis) plane, 
with 90% confidence level at cm. energies ^/s = 500 GeV (left side) and ^/s = 1000 GeV (right 
side), and for different values of the electron beam polarization: = +0.5, 0, —0.5, —1. Figure 
taken from l{203^] . 
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Figure 43: Intersecting area in the 9m(K 
measurements at = 500 GeV and a/s 



-9m(«;g) plane resulting from two independent Aa^ ^ 
-- 1000 GeV. Pe = —1 is used. See also caption to 



Fig. J^i. Figure taken from i205j. 
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6.4 CP violation via WW fusion in 



e+e 



ttVpVf. 



At the NLC with a very high cm. energy, above 1 TeV, the t-channel W^W fusion subprocesses 
W+W- tt, where the two W-h osons are emitted from the initial e'^e beams, starts to 
dominate over the simple s-channel production mechanism of a pair of ti, i.e., e~^e~ ^ 7, Z — > ti. 
As it turns out 120611 , the reaction 



e e 



(6.113) 



can potentially exhibit large CP-violating phenomena, driven by CP-odd phases in the neutral 
Higgs sector in MHDM's. 

To lowest order there are four Feynman graphs, shown in Fig. ^ relevant to the reaction in 



Eq. 6.113. Indeed, at large cm. energies, i.e., as s/m^ becomes very large, the cross-section for 



the reaction in Eq. 6.113 is dominated by collisions of longitudinally polarized Ws and the sub- 
process W^W^ shown in Fig. when calculated in the Effective W^-boson Approximation 
]207]], serves as a good approximation to the reaction e"'"e~ — > tiveUe. 



The key point here, as suggested in [206], is again to construct CP-odd observables utilizing 



the top polarization, which in turn can be traced through the top decays. Following |206|, in 

the rest frame of the t one defines the basis vectors: — oc {py/+ +pW-)> ^ Pw+ ^ Pw- 

Cx = Cy X Cz- For the anti-top one uses a similar set of the definitions in the i rest frame related 



by charge conjugation: -Cz oc {py^- oc pm- x py^+ and = ey 



X e. 



Now let Pj (for 



j = x,y or z) he the polarization of t along ex,ey, and similarly, Pj the polarization of t along 
ex,ey,ez- One can then combine information from the t and i systems and define the following 
asymmetries 



Az = \{Pz + Pz) 



Bx = -{Px - p.) , 



B. 



(6.114) 



Bz = -{Pz-Pz) , 



where it is easy to verify that, within the above coordinate systems, the A^s are CP-odd and the 
-B's are CP-even. Moreover, {Ax, By, Az} are CPT/v-odd whereas {Bx, Ay, Bz} are CPT/v-even. 

We note here that the CP-even spin observable By, being proportional to the imaginary part 
of the Higgs propagator in Fig. ^(a), is also useful for experimentally measuring the Higgs width 
|206| ] . However, since here we are only interested in CP non-conservation effects in the reaction 
e~^e~ — > ttVeUg, we will focus below on results obtained for the CP-odd observables, i.e., the A^s 



in Eq. |6.114 . 

Let us consider a 2HDM with the ttli.'' and W+W^Ti.'' La grangian pieces of Eqs. |3.70| and |3.71| , 
respectively. Here also, the simultaneous presence of the scalar, a^, and pseudoscalar couplings, 
6j , in Eq. 3.70| is required for a non-zero expectation value of the CP-violating asymmetries 
Ax, Ay, Az. Therefore, since only two out of the three neutral Higgs particles, i.e.. A; = 1,2 or 
3, (say, h = Ti.^ and H = Ti^ for the lighter and heavier ones, respectively) have a simultaneous 



scalar and pseudoscalar couplings to ti (see section [j.2.3D , the third neutral Higgs need not be 
considered. Az is expected to receive significant contributions from loop corrections. Therefore, 
we focus below on Ax and Ay only (see discussion in |206|] ) . 

The two asymmetries Ax, Ay are shown in Fig. 45, for a NLC with a cm. energy of ^/s = 1.5 
TeV, as a function of the lighter Higgs mass m/j. The heavier Higgs mass is fixed to mn = 1 
TeV. Also, for illustration, we use tan/3 = 0.5 and choose {ai,a2,a^} = {— 7r/2,/3, — 7r/2}, where 
ai, a2 and 03 are the three Euler angles that specify the 3x3 orthogonal mixing matrix of the 
three neutral Higgs-bosons (see Eq. 3.73 ). With this set of parameters the tih, ttH, W~^W~h 
and W~^W^ H couplings are fixed according to Eqs. 3.70| , 3.71 , 3.72 and 3.73 in section p. 2. 3 . 
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We observe from Fig. that for a wide range of the hghter Higgs mass the asymmetries are 
appreciable. In particular, Ax is about 10% for ruh ~ 400-800 GeV whereas Ay is around 30% for 



m/j ~ 100 — 300 GeV. Although not shown in Fig. 45, the asymmetries vanish when rrih = itih 
due to a GIM-like cancellation as explained in section |3.2.3| . 

As mentioned above, in order to measure those top polarization asymmetries, one needs the 
momentum of the t and t decay products in a given decay scenario. In [p06| two such decay 
scenarios useful for top polarimetry were considered: 

1. The decay t W'^b followed by W'^ — > i'^i', where i = e, fj,; in this case only the hadronic 
decays of t are included. This case occurs with a branching ratio of Bi « (2/9)(2/3) = 4/27. 

2. The decay t — > W'^b followed by hadrons. Now the decay of t to a r~ is excluded. 
This case occurs with a branching ratio of B2 « (2/3) (8/9) = 16/27. 

In the case of the leptonic decay of t (or equivalently t), the angular distribution of the 
lepton is oc (1 + RiP cosiji), where P is its polarization, r]£ is the angle between the polarization 
axis and the momentum of the lepton in the top rest frame and i?i = 1 in the SM. Thus, 
the optimal method to obtain the value of P is to use P = 3(cos r/^)/i?i (see section |2.8D . 
Similarly, in the case of the hadronic t decay (or equivalently t), one uses the distribution of 
the W momentum in the top frame which is oc (1 + R2P cos r]w) to extract the top polarization, 
where R2 = {mf — 2m^)/(mf + 2m^^). Therefore, in this case P = 3{cosr]w) / ^2- 

Hence, bearing in mind that the leptonic decay of the top is self polarizing, the number of 



events needed to obtain a 3-0" signal in the t,t decays of case 1 above is |206|: 



Nff = {27/2){RjBi + RIB2)-^ x , (6.115) 

where a is the asymmetry in question (either Ax or Ay). Therefore, given the above numbers for 
i?25 Bi and B2, numerically Nj^f ~ 52a^^, thus requiring some 5200 events for an asymmetry 
of 10%. In fact, this can be further improved in the case of the hadronic decays of t (case 2 above) 



by observing that |57] the less energetic of the two jets from the decay of the W is more likely to 



be the d-type quark as noted in section 2.8. In particular, in case 2 one obtains Nff « 32a" 



thus reducing the requirement to 3200 events for an asymmetry of 10% | 206 |. For an asymmetry 
of about 30%, which was found possible in the case of Ay (see Fig. ^), only a few hundred events 
will be needed. 



Indeed, the cross-section for the reaction in Eq. 3.113 was calculated in |20f:] for the case of 
a 2HDM with the couplings described above and it was found to be at the level of a few fb, 
reaching > 10 fb for 350 GeV < nih < 550 GeV. Thus, given that at ^/s = 1.5 TeV the projected 



luminosity could be about 5 x lO^'^ cm ^ s ^ 192 |, a cross-section of 10 fb would yield about 



5000 events rendering it feasible to detect asymmetries > 10%. The conclusion is therefore that 
the top polarization asymmetries for the reaction e~^e~ — > tii'e'^e are accessible to the NLC and 
can serve as a powerful probe of CP violation driven by the neutral Higgs sector of a 2HDM. 
However, this last statement must be taken with some caution since, the two neutrinos in the 
final state, carry a substantial amount of missing energy and may therefore pose a problem in 
reconstructing the t and t rest frames, as required for measuring the polarization asymmetries in 
question when the t 01 i decays leptonically. No such problem arises if both the t and the t decay 
purely hadronically but, in that case, it remains to be seen if it will be possible to distinguish t 
from t which is also required for measuring Ax and Ay. 



An interesting generalization of this work |20f:] is to consider instead the reaction e~^e 



tte~^e~ . Now the fusion takes place via neutral gauge-bosons (7, Z). Although there may be some 
loss of the cross-section, to compensate that, there is also the advantage that the difficulties in 
reconstructing the rest frames of t, t may be far less formidable. 
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(c) 

Figure 44: The Feynman diagrams that participate in the subprocess W~^W~ tt. The blob in 
diagram (a) represents the width of the Higgs resonance and the cut across the blob is to indicate 
the imaginary part. 
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Figure 45: The asymmetries Ax (solid) and Ay (dashes) integrated over s as a function ofnih for 
-y/s = 1.5 TeV and tuh = 1 TeV. The coupling parameters are for tan (3 = 0.5 and {qi, 02, 03} = 
{— 7r/2, /5, — 7r/2} as described in the text. Figure taken from l^20(\ ]. 
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7 CP violation in pp collider experiments 



The LHC is a pp collider at CERN, with cm. energy of 14 TeV, scheduled to start running around 
2005 (For a recent review on machine parameters see |208| .) Its design luminosity is £ = 10^^ 
cm~^sec~^, corresponding to a yearly integrated luminosity of 100 fb~^. A low luminosity first 
stage of 10 fb~^ is usually assumed in articles discussing physics at the LHC. The issues discussed 
in the following section, will be relevant for the future CMS and ATLAS experiments (for a review 
see ||20g| ] ) ; heavy ions and LHC-B will not be discussed in the present work. For recent reviews 
on the physics at LHC, see |209| and [plO|]. 



7.1 pp ^ tt + X: general comments 

In hadronic collisions tt pairs are produced through the parton level subprocesses qq ti and 
gg — > tt. The latter, gg fusion process, dominates over the quark-anti-quark annihilation in a 
multi-TeV pp collider. For example, at the LHC, cr{gg — > tt) ~ 90% and cr{qq — > tt) ~ 10% are 
expected. It is therefore important to investigate the expected CP violation effects in pp ^ ti+X 
that can arise from CP non-conservation in the subprocess gg — > tt. 

Note that the simple qq fusion process is the analog of the e'^e~ tt production mechanism 
where an s-channel gauge-boson is exchanged. In the case of qq ^ g ^ ti, the CP-odd effect 
can therefore be attributed to the CEDM (df) of the top present at the gti vertex. In contrast, 
the gg production process gives rise to a much richer possibility of CP-violating interactions and 
the resulting asymmetries in gg ti need not be related merely to the CEDM of the top quark. 
This fact can be readily seen in model calculations (such as 2HDM and MSSM to be discussed 
below), where additional CP-violating 1-loop box diagrams as well as s-channel resonant neutral 
Higgs exchange become relevant. 

We will first discuss an effective Lagrangian approach in which all CP-violating effects are 
assumed to originate only from the CEDM of the top. We will then present model dependent 
analysis of CP non-conservation in gg ti where all possible CP-violating operators are taken 
into account. 

As will be shown, the typical size of the CP-violating asymmetries in pp ^ ti+ X is ~ 10"'^. 
Although, naively one may expect such asymmetries to be within the experimental reach of the 
LHC, which is expected to produce ~ 10'' — 10^ tt pairs, there are at least two types of hurdles 
that make this objective very difficult to attain. First there is the detector dependent systematics 
which are expected to present serious limitations for asymmetries at the ~ 10^^ level. Another 
serious difficulty is that the initial state (pp) is not an eigenstate of CP. Therefore one expects 
fake asymmetries to arise at some level even though the underlying interactions do not violate 
CP. These backgrounds are process dependent and the fake asymmetries that they produce needs 
to be much smaller in comparison to the CP-violating signal that is of interest. In some cases. 



e.g., an s-channel resonant Higgs exchange within a 2HDM, as will be described in section 7.3.2, 
by employing clever cuts on the tt invariant mass one can obtain asymmetries at the percent 
level. In these cases, the CP signal is more robust and may be within the reach of the LHC if 
the 2HDM parameter space turns out favorable. 

7.2 pp ^ tt + X: general form factor approach and the CEDM of the top 

As already mentioned in previous sections, in close analogy to the EDM and the weak(Z)-EDM of 
the top, one can generalize the top quark-gluon effective Lagrangian to include terms of dimension 
5 which can give rise to a CEDM for the top quark (see Eq. 6.106 in section 6.3.2| ). In general. 



the CEDM couphng, df, may be considered as a form factor. Its momentum dependence is 
generated by effective Lagrangian operators of dimension greater than 5. In model dependent 
calculations, this from factor may acquire momentum dependent imaginary parts as well as real 
parts. In momentum space, similar to the EDM and weak-EDM cases, the CEDM modifies the ttg 
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interaction to read (we will not concern ourselves here with the CP-conserving Chromo-magnetic 
dipole moment of the top) 



-iTa{9sl^ + 4a^''-i^K) , (7.1) 

where k = pt + Pt is the gluon four-momentum and pt{pt) is the t(t) four momentum. 

The subprocess gg — > ti then proceeds through diagrams (a)-(d) in Fig. ^ where the heavy 



dots indicate the vertices modified by the CEDM of the top defined in Eq. TA. Diagram (d) 
involves an additional dimension 5 ttgg contact term and is needed to preserve gauge invariance 
(see section ^]^) . Assuming that df is small enough such that one can expand the matrix element 
squared to first order in , the differential cross-section for the subprocess gg — > tt can be 
written, similar to the e^e~ tt case, as [p2|: 



[5Redf(s)SsRe('/') + 3mdf (J) Ec^,^ (</>)] # , (7.2) 



where s = xiX2S and xi,X2 are the gluons momentum fractions. In Eq. |7.2| above, the gluon 
structure functions are included and thus (j) represents the final state phase space including the 
gluon momentum fraction variables. Also, with no summation over the t and t spins st and sj, 
respectively, the CP-odd differential cross-sections Sjjg((/)) and i;cjj^((/)) are functions of st,Sf. 
Therefore, because of the correlation between the top spin and the momentum of the charged 
lepton from the top decay t bW~^ — > hl^V£, Eq. ^ with the st and dependence, gives in fact 
the differential cross-section for the complete process gg — > ti including the subsequent leptonic 
decay chains of the tops. 
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7.2.1 Optimal observables 

With the effective Lagrangian in Eq. 6.106| in section 3.3.2 and by ignoring operators of dimension 



greater than 5, only the effect of a constant real df was investigated in |22]. Indeed, in model 
calculations to be described below, the real part of the CEDM form factor is a constant to a good 
approximation. Similar to the e~^e~ — > tt case, an optimal Tjy-odd, CP-violating observable for 
gg tt was defined in as 



O = ^ . (7.3) 

In a realistic hadronic collider however, not all momenta which enter into the problem are im- 
mediately observable. For example, with leptonic decays of both t and i, the momenta of the 
neutrinos and the longitudinal momenta of the initial gluons are not observed. As was shown 
in [^], this leads to a twofold or fourfold ambiguity (depending on the number of solutions to 
the kinematics which results in a quartic equation) in determining the neutrinos momenta. To 
bypass this difficulty an "improved" optimal observable, that averages over the reconstruction 
ambiguity, was suggested in p^ ]: 

where the sum is over the different possible reconstructions of the neutrino and anti-neutrino 
momenta from the leptonic t and i decays, respectively. 

Using the optimal observables O and O', the attainable 1-a limits on 3?eo?f, assuming 10^ 



dilepton tt decays, were given in |22|. Note that one can consider also leptonic-hadronic and 
purely hadronic decays of the ti pairs. Due to the branching ratios of the VF-boson, lO'^ leptonic 
tt pairs implies a sample of ~ 6 x 10^ leptonic-hadronic tt pairs and ~ 9 x 10^ hadronic ti pairs. 
With rrit = 175 GeV, for the "simple" optimal observable O, with dilepton pairs, it was found 
that the l-a limit is 3fiedf ~ 2.8 x lO"^'^ gs-cm. For the "improved" optimal observable O', 
3?edj ~ 3.0 X lO^^'' S's-cm with dilepton or hadronic tt pairs and 3fie(if ~ 2.0 x lO"^'^ ^s-cm with 
leptonic-hadronic tt pairs. Comparing the 1-a limits on ^edf attainable with dileptonic ti pairs 



and through the use of the optimal observables O and C in Eqs. 7.3 and [7.4| , respectively, we 
see that the reconstruction ambiguity does not cause any significant changes. Evidently, with 
these optimal observables, ^ed^ may be measured to a precision of ~ 10"^'^ ^f^-cm. O' with 
the leptonic-hadronic ti channel seems to be the most sensitive to ^edf. Comparable results for 
3?edf were found in [pll| by using the same type of optimal observables. Ref. [211] has also 



extended the analysis of |2^ by including effects of the imaginary part of df . They found that the 
attainable limit at the LHC for Qmd^ is of the same order, i.e., Sjmdf ~ 10"^" gg-cm, although 
slightly better than the one for ^edf. 

This result is encouraging since, as we have discussed in Chapter Q the CEDM of the top may 
be > 10^20 g_,.cm in some extensions of the SM, e.g., MHDM's and the MSSM. 

7.2.2 Observable correlations between momenta of the top decay products 

It is also instructive to consider simple observables constructed exclusively out of momenta which 
are directly observed. With the decays t hiv^ and i bii't, the momenta pi, pi, pf, and pi 
will be directly observed and observables which involve correlations between those momenta are 



the most appropriate. Two such CP-odd, T^r-odd correlations were considered in |22]: 



ijPe- PeVb- PlY/'^ 

f2 = {plpl-pM)-^^APl-Pl){Pe-PEf'\ (7.6) 
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where sgn(X) = +1 for X > and —1 for X < 0. 

The attainable 1-a hmits on 3?edf for the observables /i and /2, with mt = 175 GeV and 
assuming 10'' dileptonic tt pairs, were also given in |2^. The findings were for /i: ^edf ~ 
5.3 X lO"^'^ ffs-cm and for /2: 3?e(if ~ 3.0 x 10~^^ gs-cm. We see that the limit that might be 
achieved with /i is about an order of magnitude smaller than that from /2. However, /2 depends 
only on the lepton momenta and is, therefore, easiest to determine experimentally. Also, the limit 
from fi is about 2 times weaker then the one obtained from the "improved" optimal observable 
discussed previously. 

In 1 212 1 CP-odd TAr-even observables which might be used to probe the imaginary part of the 
CEDM, i.e., 3m df, were considered 



Ae = E^-Ee, (7.7) 
Q33 = 2(p|+p|)(p|-p|)-^(p/-p/) . (7.8) 

is the energy asymmetry between i and i and Qss is an asymmetry originally suggested by 
Bernreuther et al. in |165|| (see section [6.1.21) . In a pp collider with ^/s = 14 TeV, an integrated 
luminosity of 10 fb~^ and an acceptance efficiency of e = 10%, taking only leptonic {£ = e,//) tt 
pairs and assuming mt = 175 GeV the following 1-a limits on Smdj were obtained through the 
observables Ae and Q33 



Ae : 1 3m I = 8.58 X 10"^^ 5.-cm , (7.9) 
Q33 : \^mdl\ = 2.05 x 10"^^ 5s-cm . (7.10) 

Thus the limits on the imaginary part of the top CEDM are weaker by about an order of mag- 
nitude than those that might be obtained on the real part of the top CEDM, using the optimal 
observables discussed before. 



7.2.3 Polarized proton beams 

A very interesting CP-violating polarization rate asymmetry was originally suggested by Gunion 
et al. in [213], for Higgs production through gg fusion in a pp collider. This asymmetry was 
applied to pp ^ tt + X in [212|. The basic idea is that, if the gluons in a polarized proton are 
polarized, then the initial CP-odd gluon-gluon configuration allows to probe CP-violating effects 
without requiring full reconstruction of the tt final state. The polarization rate asymmetry is 
defined as 



Apr = ^±_^ , (7.11) 
cr+ + (7_ 

where in the subprocess gg — > tt, is the cross-section for tt production in collisions of an 
unpolarized proton with a proton of helicity it. Clearly, A^^ is CP-odd and TAr-even and therefore 
can only probe the imaginary part of the top CEDM. Of course, a crucial point for such an analysis 
is the degree of polarization that can be achieved for gluons in the pp collider. The amount of 
gluon polarization in a positively polarized proton beam is defined by the structure functions 
difference ^g{x) = g+ix) — g-{x). The structure functions of polarized gluons, g±, are not well 
known and depend on the amount of the proton's spin carried by the gluons. In |212] the following 
parameterization was adopted {g is the unpolarized gluon distribution) 

= i 9{oo) (x > X,) 

' \ {x/xc)g{x) (x < Xc) ' ^ ■ ^ 
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Table 12: The number of tt events N, the ratio AN/N (see text), and the attainable 1-a limits 
on I 3m I, for various Pj,-cuts with y/s = 14 TeV, rrif = 175 GeV and £ = 10 fb^^. Table taken 
from Wl^] - 



PT-cuts(GeV) 


N{xl{f) 


AN/N 


|9m(i^|(xlO-20^^-cm) 





2.62 


1.44 


0.766 


20 


2.55 


1.42 


0.788 


40 


2.36 


1.37 


0.847 


60 


2.08 


1.30 


0.951 


80 


1.74 


1.22 


1.107 


100 


1.41 


1.14 


1.313 



where Xc ~ 0.2 yields a value of Ag ~ 2.5 at = 10 GeV^. The above distribution was actually 
evaluated at = 100 GeV^ disregarding any scale evolution. 



The 1-a attainable limits on | 3ni d^ \ were calculated in |212|] and are given in Table 12 , for 
various transverse-momentum cuts and for = 14 TeV, mt = 175 GeV, £ = 10 fb~^ and an 
efficiency acceptance of 10%. Also, in Table ^ = N^ + N^ is the total number of tt events, 
AA^ = A^_|_ — A^_ and N^(N-) is the number of tt events predicted for positively (negatively) 
polarized proton. They have included all possible t decay modes so that the net branching ratio 
was taken as unity. We see that, even with high pT-cuts, it is possible to put a l-a limit on 
I 5m (df )| up to the order of lO^^*' 5s-cm in the LHC with polarized incoming protons. This limit 
is more stringent than the ones obtained in Eqs. 7.9 and |7.10 through the leptonic correlations 
Ae and Q33, respectively, and is of the same order as that obtained on the real part of the top 
CEDM with the optimal observables discussed before. 
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(a) (b) 




(c) (d) 




Figure 47: Feynman diagrams for the tree level QCD and neutral Higgs exchanges (denoted by 
the dashed lines) which contribute to the production density matrix for gg — > tt. Diagrams with 
crossed gluons are not shown. 
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7.3 2HDM and CP violation in pp ^ tt + X 



In a 2HDM with the CP-violating ttTl couphngs in Eq. 3.70, neutral Higgs exchanges can give rise 
to CP violation in gg — > ti and qq — > ti at the 1-loop order in perturbation theory. In Fig. ^(c)- 
(h) all possible 1-loop CP-violating Higgs exchanges in gg — tt are drawn and in Fig. ^(b) the 
only CP-violating 1-loop diagram for qq — > tt is shown. Interference of diagrams (c)-(h) with 



the SM tree-level diagrams (a) and (b) in Fig. 47 and interference of diagram (b) with diagram 
(a) in Fig. ^ can then give rise to CP non-conservation effects in gg and qq fusion, respectively. 
One can then identify various CP-violating correlations to trace the resulting CP-odd quantities 
which appear in the corresponding differential cross-sections. 

Here also we assume that two out of the three neutral Higgs particles in the 2HDM model are 
very heavy or have very small CP-violating couplings, such that either way their effects decouple. 
Thus, only the couplings of the lightest neutral Higgs (denoted by h) are important and there will 
be only one dimensionless CP-odd quantity relevant for the study of CP violation in qq, gg — > tt. 
Using the notation in |19£, 198 , ^14| in conjunction with our parameterization in Eq. [3.70 , this 
quantity is 



where aj* 



TCP = 

and are defined by the tih (say h 



Mb: 



(7.13) 



coupling in Eq. 3.70 and are functions of 



tan /3 - the ratio between the two VEV's in the Higgs potential and of the three Euler angles 



which parameterize the Higgs mixing matrix (for details see section 3.2.3). 

Below we present two very interesting approaches of probing CP violation in pp — > tt+X. The 
first is the Schmidt and Peskin (SP) approach which utilizes the distribution of the leptonic 
decay products of the top. The second is the Bernreuther and Brandenburg (BB) approach 
214 1, which studies the CP-violating effect in the resonant s-channel Higgs shown in 



|1^ 
Fig. |4^(h). 
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7.3.1 Schmidt-Peskin signal 

Schmidt-Peskin (SP) proposed a signature for CP violation in production and decays of ti 
pairs for hadron colliders, namely via the reaction 

I — ^ 
l^W- b 

PP{P) -^tt + X . (7.14) 

Despite the complexity of the reaction and the hadronic environment, the signal for CP violation 
that they suggest, i.e., the lepton energy asymmetry 

is very simple and robust. Such an asymmetry can only arise from non-SM sources such as an 
extended Higgs sector or supersymmetry. The size of the asymmetry is unfortunately rather 
small ~ 10^"^. 

Since this asymmetry is CP-odd and T/v-even, it requires an absorptive part to the Feynman 
amplitude. Such an absorptive part is already present (see Figs. ^(c),(g),(h) and ^(b)) as ti 
pair production requires the kinematic threshold 

s > 4m? , (7.16) 

where s is the square of the energy in the subprocess qq or gg cm. frame. In particular, when a 
neutral Higgs exchange leads to the CP-violating phase (as in their study), then the absorptive 



part due to the threshold condition in Eq. |7.1q arises even if m^ > s. 

Note again that for the subprocess qq — > tt, the underlying cause of CP violation in extended 
Higgs models is the CEDM of the top quark. Of course given the extremely short life time of 
the top quark (~ 10~^^ sec) the CEDM as such (i.e., at q"^ = 0) is extremely difficult to be seen. 



Consider, however, the asymmetry |20|: 



all tt 

where N{tLiL) is the number of tiJi pairs produced via qq{gg) — > tt, etc. Clearly ANlr is 
CP-odd and T/v-even. The qq contribution to ANipt arises from interference of Fig. 48(b) with 
the lowest order graph for qq — > tt depicted in Fig. |^(a) . They found 



ANlr = Sfte (F2a) , (7.18) 



21 

3-/3' 

where /3 = (1 — Amf/s)^^'^ and, in their notation, -F2a(s) is the CEDM form factor and ^e{F2A 
involves the absorptive part of the Feynman integral 



3?e(Fi 



2A 



1 

8^ 

X 



1 



mt\'^ 4mf 



-ICP 



1 + 



mt 



(7.19) 



Here rrih is the mass of the lightest neutral Higgs and 7cp is defined in Eq. 7.13. It is easy 
to understand |20| the effect intuitively: for s >> m?, the gluon will predominantly couple to 



^Note that in this notation, th means an anti-top quark with momentum, for instance, along +2 and spin along 
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tLtR or tRti. However, when /? — > 0, titL and tRtji, which are related to each other via CP, 
are dominantly produced, which may thus lead to ANlr 7^ 0. The resulting asymmetry at the 
parton level, ANlr, for the subprocess qq — > tt for mt = 175 GeV, jcp = ^/V^ and for different 
values of rrih and is found to be of order 10~^. 

For gg — > tt the calculation is more involved. In particular, in addition to the t-channel 
h exchange, now an s-channel Higgs exchange graph is also present (see Fig. p7|(h)). There is 
in fact constructive interference between these two channels for m/j < 2mj. The result for the 



asymmetry in the gg fusion case, but without the s-channel Higgs exchange (see Fig. 48(b)), 
was also given in [20|. Near threshold, i.e., \/l > 2mt, the asymmetry in the gg fusion case is 



about twice as big as that of the qq fusion case. However, although larger than the qq fusion 
subprocess, it is again at the level of 10^^. Adding the qq and gg subprocesses, then ANlr. can 
reach optimistically ~ 10~^, for low values of nih and tan/3. In any case, the gg initial state 
gives rise to a much richer possibility of CP-violating operators and, as was mentioned before, 
the resulting asymmetry cannot be attributed merely to the CEDM of the top quark. Indeed, as 



noted in |19(:, 198, 214 1, the s-channel neutral Higgs exchange that was ignored in |20[|, can give 
rise to larger asymmetries in gg tt and may be attainable at the LHC. We will return to this 
effect in the next section. 

As has been emphasized at several places in this review, the fact that top decays are a powerful 
spin analyzer comes in extremely handy here too in leading to a detectable signature. The CP 
violation in the production process causes the polarization asymmetry above, which leads to an 
asymmetry in the energies of the charged leptons emerging from t and t decays. 



The distribution of the charged lepton in the t-rest frame is given by 

cfr dr i + cos'0 



(7.20) 



dEid cos tp dE£ 2 

where ip is the angle between the top spin and the lepton momentum. When the top quark is 
boosted to the qq{gg) cm. frame, Eq. 7.2[1| provides the correlation between the helicity of the 



top and the energy of the decay lepton. The resulting energy spectrum for tiitR) and tRiti) is 
significantly different from each other as was shown in Clearly, their findings indicate that 
the energy spectrum of the leptons, serves as a useful spin analyzer. 

The asymmetry in pp collision is calculated by folding in as usual the parton distributions. 
For this purpose SP used the parton density functions proposed in |215]. The effects of the 



longitudinal boost of the parton-parton collision are eliminated by considering the transverse 
energy {Ex) of the leptons. The resulting asymmetry is [pO[: 



A vrF ^ - - da/dET,e~ 

^^^^^^ - da/dEr,.+da/dEr,e- ' ^ ^ 



and it was calculated in [20| for = 100 GeV, nit = 150 GeV and jcp = l/\/2- Unfortunately, 
numerically it is again only of order 10"'^. 

Let us briefiy discuss the background for these type of CP-violating asymmetries in pp — > 
tt + X. As was mentioned at the beginning of this chapter, the initial state (pp) at hadron 
Supercolliders, such as the LHC, is not an eigenstate of CP. Consequently energy asymmetry in 
the decay lepton spectrum are not necessarily due to CP violation. The point is that the protons 
in the initial state produce more energetic quarks than anti-quarks. Also the reaction qq has 
a small forward-backward asymmetry induced by as corrections. Thus the top quarks produced 
by this reaction tend to have a slightly higher energy than t, leading to an asymmetry in the 
energy of the decay lepton. Such an effect, originating from higher order QCD corrections, causes 
an irreducible background. 

Fortunately this background is very small. First of all, qq annihilation is subdominant at 
such pp collider energies and the leading reaction gg ti is free from such a forward-backward 
asymmetry. Also, as mentioned before, the background to the asymmetry arises from higher 
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order (QCD) radiative corrections. Furthermore, since the forward-backward asymmetry mainly 



affects longitudinal variables, its effect on the transverse energy asymmetry in Eq. 7.21 would 
cancel if there were no lepton acceptance cuts. 

This background can be crudely estimated from the electromagnetic analog of the forward- 
backward asymmetry for e^e~ The analogous asymmetry is crudely estimated by 
the replacement a — > [((i°'"^)^/32]as = (5/12)as. SP in |20| used the approximate formula in 
|216|] which allows them to get an estimate for massless tt pairs. This approximation tends 



to overestimate this background. For numerical estimates SP also impose a cutoff on the gluon 
energy of /S.E/E = 0.3. The resulting background was found to be of the order of 10~^. Therefore, 
it is much smaller than the desired CP-violating effect and also it is essentially independent of 
the lepton energy. 



7.3.2 s-channel resonance Higgs effects - Bernreuther-Brandenberg approach 

For ruh > 2mt, as noted before, there is an interesting s-channel Higgs contribution to gg 



shown by diagram (h) in Fig. |47 



tt 

This was explored in some detail in [196, 198 1 who recently 
improved their analysis in [214]. For the simple on-shell decay h ^ tt, a large tt spin-spin 
correlation can be induced already at the tree-level if h is not a CP eigenstate, as happens in a 
class of 2HDM's.0 In a 2HDM, with the tih coupling of Eq. 0, this spin-spin correlation is 
given by [196|: 



{h ■ {st X St)) 



(7.22) 



where /?t = (1 — init /ni'l)^^'^ , st,St are the spin operators of t and t, respectively, kt is the unit 
vector of the momentum of the top quark and jcp is defined in Eq. 7.13| . It is remarkable that 
this CP-violating spin-spin correlation can, in principle, be as large as 0.5. In practice, though, 
this decay has to be coupled to some particular production process and the final asymmetry can 
vary significantly between different processes. Moreover, for pp collisions, there is an interference 
between the continuum and the resonant ti production which tends to diminish the spin-spin 
correlation. For the gluon-gluon fusion, the CP-violating expectation value of {k ■ (st x %)) was 
calculated in [ p.98| . The resulting asymmetry was found to be at best only a few percent and falls 
significantly short compared to the value of 0.5 mentioned above. In fact, when this is translated 
to an asymmetry that utilizes the t and i decay products, as was done in [19(3, 198[, the signal 
to noise ratio for such an asymmetry was found to be at best ~ 10~^. 

can arise in qq tt. The asymmetry 



The same non- vanishing spin-spin correlation of Eq. 7.22 



for the qq fusion subprocess was also calculated in [|198|[ for the same set of parameters as in the gg 
fusion case. As expected, in the case of qq fusion, the asymmetry is about one order of magnitude 
smaller than gg fusion, since in this channel the resonant Higgs graph is absent. Furthermore, 
the asymmetry gets smaller with growing Higgs-boson masses as opposed to the gg fusion case 
which we now discuss in some detail. 

Let us now focus on an improved analysis of the results mentioned above. This was recently 
suggested by Bernreuther, Brandenburg and Flesch (BBF) in [214]. In their analysis the basic 
idea was to include new cuts on the ti invariant mass which significantly improved their previous 
results in 



For the case when both t and t decay leptonically, consider the CP-violating observables [214]: 



Q 



(7.23) 



^^A more detailed analysis of the possible spin-spin correlations in /i ^ 
^"recall that the lightest neutral Higgs is assumed to be /i = 7i^, i.e., k 



tt is given in se ction 6.2.3. 
= 1 in Eq. EtcI 
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and 



Q2 = ih - h) ■ (q- X q+)/2 , (7.24) 

where kt, ki are the t, i momentum directions in the parton cm. system and g_, (7+ are the 

momentum directions (from t — > M^ui and i — > bl~V() in the t and i rest frames, respectively. 
Note that the decay channels to ^~ (disregarding the r lepton) may include all different 
combinations of e and ^ and, in |214|, all possible combinations were summed over. It is useful to 



note that Q2 in Eq. |7.24| is in fact a transcription of the spin-spin correlation kt ■ {st x sj) defined 



in Eq. 7.22 above, and is a TAr-odd quantity. Also, Qi traces the spin-spin correlation kt ■ {st — %) 



which corresponds to the CP asymmetry ANlji defined in Eq. [7.17 and was suggested originally 



in |20|. Clearly it is T/y-even, thus requiring an absorptive phase. 

For the leptonic-hadronic decay channel of the tt pairs, it is useful to consider the two possible 
decay scenarios: sample A in which the t decays leptonically and t decays hadronically , and 



sample A in which the t decays hadronically and t decays leptonically (see Eqs. |6.79| and 6.80| , 



respectively, in section |6.2.3| ). One can then define the following CP-violating quantities with 
respect to samples A and A [pl4[ : 



£1 = {Oi)a-{Oi)^, (7.25) 

£2 = {02)a + {02)a, (7.26) 

where 

Oi = kfq+ , Oi = kt ■ q- , 

02 = kf {q+ X %) , O2 = kt ■ (g_ X %) . (7.27) 

Here % and % denote the momentum direction of the b and b jets in the t and t rest frames, 
respectively. Again, £1 effectively corresponds to the spin-spin correlation kt ■ (sj — Sj) and is a 
T/v-even observable, and £2 traces the spin-spin correlation kt ■ {st x sj-) and is therefore a Tjv-odd 
quantity. 

In pl4[| it was shown that, in the region m/j > 2mt, the magnitude of the asymmetry increases 
significantly and the dominant contribution comes from the interference of the CP-violating terms 
in the amplitude of the neutral Higgs resonant diagram in Fig. ^(h) with the Born amplitude. 
They have evaluated the dependence of the differential expectation values of Qi and Q2 on the 
tt invariant mass, Mtt- An example of such a dependence for the T/v-odd observable Q2 and 



in the dilepton decay channels of the tt pairs is shown in Fig. 49. In this figure the resonant 
contribution va gg ^ h ^ ti is compared with the resonant -|- the remaining h contribution 
(i.e., all the non-resonant graphs), for different values of m/j, for ^/s = 14 TeV and setting the 
CP-violating quantity, ^cp-, from the tih vertex to be equal to 1. Also, since the CP-violating 
effect is sensitive to the neutral Higgs total width, it is therefore sensitive to the ZZh, WWh 



"reduced" coupling (defined in Eq. 3.71 for h = 7i^, i.e., k = 1), which determines the decay 



rates T{h ZZ) and T{h WW) [pl4||. In Fig. c'' = was chosen, in which case the above 
decay channels of a neutral Higgs to the massive gauge-bosons are forbidden at tree-level. 

Clearly, looking at Fig. the non-resonant contributions are negligible with respect to the 
s-channel h contribution which in turn gives rise to a CP asymmetry at the level of a percent 
when Mtt is in the vicinity of mh. 
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M„ GeV 



350 400 450 500 550 600 650 
M„ GeV 



Figure 49: d < Q2 > /dMu as a function of Mu (Q2 is defined in Eq. 7. 24 ) at ^/s = 14 TeV, for 
reduced Yukawa couplings c^ = 0, = l/\/2, b^; = —\\J2, i.e., ^cp = 1 (see text), and Higgs- 
hoson masses: (a) rrih = 320 GeV, (b) 350 GeV, (c) 400 GeV, and (d) 500 GeV, in the dilepton 
channel. The dashed line represents the resonant and the solid line the sum of the resonant and 
non-resonant h contributions. Figure taken from [214]- 
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Table 13: The expectation value of Q2 and its sensitivity at the LHC with ^/s = 14 TeV and an 
integrated luminosity of 100 fh~^ , for the dilepton tt decay channels. The intervals are chosen 
below nifi such that: for nih = 370, 400, 500 GeV, {Q2 ) was integrated over AM^j = 15, 40, 80 
GeV, in the ranges 355-370, 360-400 and 4^0-500 GeV, respectively. For each pair (ruh, 
c^) the first column is {Q2) in percent and the second column is the sensitivity in standard 
deviations. The rows correspond, in descending order, to (a^jb^) = (1,— 1)/\/2, (1,— 0.3)/\/2 
and (0.3,-0.3)/\/2, i.e., to 7(7P = 1, 0.3 and 0.09, respectively. Numbers for mh are in GeV. 
The non-resonant h contributions have been neglected for these values of mh- Table taken from 
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20.9 
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0.75 
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2.1 
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24.4 


2.1 


22.8 


1.8 


18.7 


400 


1.3 


13.4 


1.1 


11.1 


0.75 


7.5 


0.49 


4.9 


0.35 


3.5 


0.21 


2.1 




0.65 


8.6 


0.59 


7.9 


0.46 


6.0 


500 


0.31 


4.1 


0.26 


3.5 


0.18 


2.4 


0.14 


1.9 


0.10 


1.4 


0.06 


0.77 
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The sharp peaks observed in the range M^f ~ nih give an extra handle in an attempt to 
enhance the CP signal. Indeed, Figs, ^(b), (c) and (d) show that, in the case of ruh > 2mt, 
{ Q2 ) changes sign as one goes from M^i < rrih to M^i > rrih , such that integrating over M^j will 
diminish the CP-violating effect. Therefore, choosing appropriate M^f mass bins below or above 
m/i, allows for a significant enhancement of the CP-odd signal. This is demonstrated in Table 
13, where the three values = 0, 0.2 and 0.4 were considered (see discussion above). Also, 
in Table |l3|, the left column gives the expectation value of Q2 in percent and the right column 
shows the statistical significance in which this CP effect can be measured at the LHC with an 
integrated luminosity of 100 fb~^. The M^i intervals (i.e., mass bins) in Table [l^ where chosen 



below ruh (see caption of Table 13). Also the rows in Table |l3| correspond in descending order to 
7CP = 1, 0.3, 0.09. 



The numbers for the statistical significance of the CP-violating signal that were found in |214] 
and are shown in Table ^ are quite remarkable. In most cases the CP-violating signal is well 
above the 3-0" level, perhaps even a lot better than 5-0" in the best case. As an example, note 
that with rrih = 370 GeV and 7cp as low as 0.09, the observable Q2 can yield a 7-0" effect with 
an appropriately chosen interval for M^f. Recall that values as large as 7cp ~ 4, corresponding 
to tan/3 < 0.5, are still allowed by present experimental data (see section 3.2.3| ). 



A few additional remarks are in order regarding the analysis in 214 |: 



The expected statistical significance for a CP-odd signal from the observable £2 in Eq. |7.2(: 



corresponding to the leptonic-hadronic channel (i.e., lepton + jet from the ti pairs) was 
found to be comparable to that of Q2 discussed above. Moreover, for the T/y-even observ- 
ables Qi (see Eq. 7.23| ) and the corresponding one for the leptonic-hadronic channel £1 (see 



Eq. [7. 251 ) the CP-violating signal, although somewhat smaller, may yield more than a 3-o" 
effect as long as 7cp > 0.3. 



Apart from the cuts on the Mii invariant mass, i.e., the chosen intervals/mass bins, Ref. | 214 ] 
employed additional cuts on the rapidities of the t and i and on the transverse momenta 
of the final state charged leptons and quarks in both the dilepton channel and leptonic- 
hadronic channel samples. 

It is important to note that the Tjv-odd observables Q2 and £2 are insensitive to CP violation 
from the subsequent t, t decays to leading order in the CP-violating couplings. This is 
ensured by CPT invariance |214| ]. Moreover, the T/y-even observables Qi and £1, although 
may acquire contributions from CP-violating absorptive parts in the t, t decays, at least in 
the 2IIDM case, these absorptive parts are absent in the limit of vanishing 6-quark mass 



(see also related discussion in section 5.1.2). Therefore, for the 2HDM case, both the T/y- 



even and the T/y-odd quantities in Eqs. [7.23| - [7.26| are "clean" probes of CP violation in the 
production mechanism of tt at the LHC. 



Refs. |196|, |198|] considered possible contaminations to an asymmetry of the type Q2 (or 



equivalently the spin-spin correlation in Eq. 7.22). Again, the key point is that the dominant gg 



fusion subprocess is free from undesired CP-conserving background to Q2- Therefore, background 



considerations are relevant only for the case of qq — > ti. Refs. [196, 195] estimated the CP- 
conserving background to Q2 to be of order 10~® which is about 3 orders of magnitude smaller 
than the actual asymmetry. The reason for that is that T^r-odd observables such as Q2 do not 
receive contributions from CP-invariant interactions at the Born level but only from absorptive 
parts. Thus, in the case of qq tt, the main background comes from order and a^aweak 



absorptive parts |19£, 195 



Finally, let us note that the optimization technique (with no additional cuts), i.e., the use 



of optimal observables, employed in |211] for CP violation in gg — > tt, yield roughly the same 



results as those obtained in |214]. That is, optimal observables can be sensitive to values down 



to 7cp ~ 0.1 with no cuts on the tt invariant mass. 
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7.4 SUSY and CP violation in pp ^ tt + X 



As we have discussed in previous sections, 1-loop exchanges of SUSY particles may give rise 
to CP-violating phenomena in top systems which are driven by SUSY CP-odd phases in the 
supersymmetric vertices. Such SUSY CP-violating 1-loop effects in gg — > tt were investigated 
by Schmidt [147]. In the case of gg tt, only exchanges of gluinos and stops are relevant and 



are shown in Fig. 50. The only CP-odd phase arises then from the off diagonal elements of the 
i]^ — iji mixing matrix. Writing again (see also sections 3.3.2 and |4.5| ) the top squarks of different 
handedness in terms of their mass eigenstates, i+, t_, as 



tL 



e-'^' sin Ott 
= e'''* sin 6tt^ + cos 6ti+ 



cos 9tt- 



(7.28) 



the asymmetry will then be proportional to the quantity 



sm{29t)sm{l3t 



(7.29) 



Schmidt neglected possible CP-nonconserving effects in the subdominant process qq — > tt and 
considered the asymmetry AA^lr defined in Eq. 7.17 only for gg — > tt. As mentioned before, 
AAlr being CP-odd and T/y-even, requires both a CP-odd phase and an absorptive phase. Such 



absorptive phases are present in diagrams (a), (b) of Fig. 50 if the cm. energy is large enough 
to produce on-shell gluino (g) pairs and in diagrams (c)-(e) in Fig. |5^ if the cm. energy of the 
colliding gluons is sufficient to produce on-shell top squark (t) pairs. Obviously, if SUSY particles 
have masses of 0(1 TeV), then this condition is satisfied at the LHC in which the cm. energy 
of the colliding protons is 14 TeV. Thus, AA^lr is a sum of the two contributions 

J d cos 9 \ AS {cos 9) + ^*(cos 9) 

^'"^ = Ssni) • <^-'°' 

where 9 is the production angle of the top quark in the gg cm. frame and A^{A^) is the contri- 
bution from on-shell gluino (stop) pairs. Schmidt found 



A3 {cos 9) 



and 



64s 



J2{-ire{VI-2mg 



o-=l 




f (1 - /3?)i^o" - (1 - + m sin2 9{K^ - 

Pg 

(1 - - (1 - phKt 



(jtf3gs\i^ 9{K+ - Kt)]] 



(7.31) 



A\cos9) 



Y,{-iYe{Vl-2mo 

(T=l 



64s 



1/81 



+ 



10/81 



+ 



1 - A cos 6* 1 + I3t cos 9 J [Pa 
1/81 10/81 



+ 



I + Pt cos 9 I — Pt cos 



{1-PI)K^ -PtPaSm^9K^ 



Pa 



- ptPa sin'' 9K+]} , 



(7.32) 
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where /3j 
here 



(1 — 4m?/s)^/^ and the index a refers to the two mass eigenstates of the stop. Also, 



a 



mgmt t 



and the form factors (z = — 3) are given in 147 |. 

The asymmetry AA^lr was calculated for several values of 



(7.33) 



(the masses of the two 



stop eigenstates) and mg, and for mt = 150 GeV, = — 1 (i.e., its maximal negative value). 
In general, the asymmetry was found to be dominated by the amplitudes which contain the 
intermediate gluinos (Fig. ^^(a) and 5C(b)) even if the intermediate stops in Fig. pO|(c)-(e) can 



go on their mass shell. For example, with rrig = 210 GeV, = 100 GeV and m^^ = 500 GeV, 
Schmidt found that the asymmetry at the parton [i.e. gluons) level can reach ~ 2% if the cm. 
energy of the colliding gluons is around 450 GeV. Note that, in this cm. energy, and with the 



above stops masses, AA^lr receives contributions only from diagrams (a) and (b) in Fig. 5C since 
there is no absorptive cut along the stops lines in diagrams (c)-(e) in Fig. These results for 



AA^LR are about an order of magnitude larger than what was found in the 2HDM case [20] and 



it is roughly comparable to the s-channel Higgs resonant effect [196, 198, 214 1. 

However, in a more realistic study, one will have to integrate over the structure functions of 
the incoming gluons and present asymmetries in the overall reaction pp ^ ti+X. Unfortunately, 
folding in the gluons structure functions, the CP-violating asymmetry drops again to the level of 
10~2. For this purpose Schmidt again considered the asymmetry in the transverse energy of the 



leptons defined in Eq. 7.21 . He |147] found that, similar to the 2HDM case when no additional 
cuts are made (like the ones suggested in [ pl4| and were described in the previous section), at the 
LHC with ^/s = 14 TeV and with typical SUSY masses of a few hundreds GeV, the asymmetry 
AN{Et) of Eq. 7.21 is again typically of the order of ~ few x 10~^. Schmidt also examined the 
non-CP-violating background, and again found it to be negligible compared to the CP-violating 
effect. 

Clearly, the Schmidt SUSY CP-violating effect in gg tt as it stands, is smaller than that 
of Ref. |214|, i.e. the signal caused by the resonant Higgs contribution. This is mainly due 
to the appreciable improvement that can be achieved with appropriate cuts on the tt invariant 
mass, as was discussed in the previous section. Note however, that by using optimal observables 
for extracting information on CP violation in gg tt, it was shown in [ pll| that the signal to 
noise ratio for the CP-violating effect in gg — > tt (driven by the diagrams in Fig. 50 that were 
considered by Schmidt) can reach the percent level after folding in the gluons structure functions. 
This allows a 1-a detection of the CP-odd effect even for smaller values of ~ 0.1. 
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8 CP violation in pp collider experiments 



Shortly after the demise of the SSC, it was suggested to upgrade the energy of the Tevatron. More 
recently, substantial, two stage, upgrades in luminosity without a factor of two or so increase in 
energy remain as viable options. For a review see [217|. In the previous run at the Tevatron, at 
cm. energy of 1.8 TeV, the D0 and CDF experiments accumulate more than 0.2 fb^^ of integrated 
luminosity. In the first upgrade, called Run II, C will be increased from its current peak value 
of 2 X 10^^ cm~^sec~^ to 10^^ cm~^sec~^ (or even to twice this value). In the second stage, so 
called Run III (or TeV-33), the luminosity will be further increased to £ ~ 10^^ cm~^sec~^. The 
working hypotheses are that in Runs II and III the integrated luminosity will be 2 fb~^ and 30 
fb~^, respectively, with a modest increase of cm. energy to 2 TeV. In addition, the D0 and CDF 
detectors are also being upgraded. 



8.1 pp-^tt + X 

Contrary to the LHC pp collider, where tt pairs are produced predominantly through the gg 
fusion process gg ^ g ^ tt, in the Tevatron pp collider with cm. energy of ^/s ~ 2 TeV 
the main production mechanism of tt pairs is the qq fusion, qq ^ g ^ tt. In particular, the 
qq fusion process is responsible for about 90% of the cross-section pp ^ tt + X. Being so, 
the processes pp — > tt,ttg + X, where g stands for an extra gluon jet in tt production, will 
presumably be sensitive to the CEDM and CMDM of the top quark, which can be incorporated 
as effective interactions at the ttg vertex. As already mentioned in previous chapters, being a 
CP-odd quantity, a non- vanishing CEDM coupling might give rise to observable CP violation in 
top systems in such a hadron collider. If so, this will be a clue for new physics, as in the SM the 
CP-nonconserving effects in the reactions pp tt, ttg + X are extremely small. 

In principle, CP-nonconserving effects due to the CEDM can be searched for through a study 
of either CP-even or CP-odd correlations in the reactions pp — > tt, ttg + X. Of course, CP-odd 
correlations are expected to be more sensitive to the CEDM than CP-even observables as the 
former are linear in CEDM whereas the latter are proportional to the square of the CEDM form 
factor. 

We will first present a study of the sensitivity of some CP-even observables to the CEDM, 
and then describe some interesting CP-odd correlations that may be applied to pp ^ ti + X. 



8.1.1 CP-even observables in pp ^ tt + X and pp ^ tt + jet + X 

The effective Lagrangian for the interaction between the top quark and a gluon, that includes 
the CEDM and CMDM form factors of the top, is given in Eq. 5.106| (for V = g). Recall that 



the effective interaction at the ttgg vertex, absent in the SM, is also required to ensure gauge 



invariance (see discussion in section 2.5). 

The CMDM and CEDM dimensionless form factors Kg and kg, which are defined in Eq. 5.106, 



can develop an imaginary part.^ However, these imaginary parts vanish at zero momentum 
transfer, and are only present if an on-shell intermediate state exists. Using form factors as a 
probe for new physics is most useful when the novel states can only be produced virtually and 
so here we consider the case where Kg and purely real. 

As mentioned above, the process pp ^ ti + X can proceed at the parton level via: (a) 
ti, or (b) gg — > ti. With the effective interactions in Eq. |6.10(: and the additional ggtt 



effective vertex, the Feynman diagrams contributing to these two processes are shown in Fig. 



The parton level cross-sections for pp ^ tt + X are then given by |23, 215 



we will loosely refer here to Kg 



to the dimensionful CMDM and CEDM via Eqs. 6.107 and 3.108 
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qq—ftt 



dt 



da 



dt 
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5k 



g 



.2) 



where 



{i - m1){u - m'^^) 



The process ttj + X, where j stands for a jet, can proceed via the fohowing parton level 

subprocesses: (a) qq tig, (b) gg ttg, or (c) q{q)g — > ttq{q) where an extra light quark jet is 
radiated. The number of diagrams for these subprocesses is large. A detailed description of the 
calculation of the cross-section for the reaction pp — > ttj + X is given in |21^ ] . 

A plot of the dependence of the total cross-section for tt production on Kg and kg was given in 
|21^ ] and is shown in Fig. 52. Of course, as expected, the cross-section is symmetric about Kg = 
as only appears in the cross-section, being a CP-even observable. The SM point is given by 
Kg = kg = and the SM cross-section at this point is a{ti) ~ 5 pb. Therefore, a measurement of 
a{tt) > 5 pb will indicate the existence of a non-zero Kg or kg. 

In [|219(| an "anomalous cross-section" was defined as 



Act = a{Kg 



(7(0,0) 



(8.4) 



and a plot of Aa in the {Kg, kg) plane was given. From the current experimentally allowed region 
of Afj, not surprisingly, they found that a rather large CEDM coupling is permitted. For example, 
for certain values of Kg, they found that 0.5 < \k„\ < 1.5 is allowed, within la. This corresponds 



to 2.8 X lO"^'^ gs-cm < \^edf\ < 8.3 x lO"^'^ 5s-cm, at 1-a. 

Considering again an associated extra jet, j, in top pair production at the 2 TeV Tevatron, 
it was shown in [|218f| that not much will be gained from a simple cross-section analysis of the ttj 
final state compared to the tt final state. However, a more interesting CP-conserving quantity was 
further suggested in |218]; it was shown that the ratio of the two cross-sections, TZ = a{ttj)/a{tt), 
can be used to further constrain the CEDM and CMDM couplings. Fig. ^(a), (b) and (c) show 
the main behavior of the ratio TZ in the {Kg, kg) plane for pT{j) > 5, 10, 20 GeV, respectively, 
where PT{j) is the transverse momentum of the jet j. The most interesting feature is the one 



depicted in Fig. 53(a); we see that for the cut PT{j) > 5 GeV, at some regions in the (k, 



9' ^9 



plane, TZ > 1. This happens as a consequence of the new ttg and ttgg vertices (absent in the SM) 
in tt + jet production. 

A discussion on the possible limits that can be put on the CEDM and CMDM of the top by 
analyzing CP-even observables in single top production at the Tevatron was presented in |220| ]. 
There, single top production can occur either via the qq tb or the PF-gluon fusion subprocess 
Wg —>■ tb. An analysis of the cross-section for the reaction Wg tb was performed [22C], trying 
to further constrain the CEDM and CMDM of the top quark which may enter the ttg vertex 
present in this reaction. However, it was found that, for both the Tevatron and the LHC, the 
sensitivity of the PF-gluon fusion subprocess leading to a single top quark for the CEDM and 
CMDM couplings is more than an order of magnitude smaller than the usual top pair production 
channel. 
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8.1.2 CP-odd observables in pp ^ tt + X 



As already mentioned before, if all non-standard effects reside in the tig coupling,^ then they can 
be parameterized by the effective ttg and ttgg interaction Lagrangian. However, upon neglecting 
the gg fusion process (which is a good approximation under the conditions of the Tevatron 
upgrade with cm. energy of ^/s = 2 TeV), the ttgg contact term plays no role and the only 
relevant effective interaction for the reaction qq — > ti is the effective ttg CEDM interaction in 
Eq. 3.106| . Similarly, the tbW vertex (with an on-shell VF-boson) may give rise to additional non- 
standard couplings as in Eqs. |6.5| and which may cause CP violation in the top and anti-top 
decays. Therefore, in the overall tt production and decays, CP violation is parameterized by 
non-zero values of the CEDM, df, in the production vertex, and/or by the quantities f2'^ — f^'^ 
(defined in Eqs. |6.5| and 3.6) emanating from the t,t decays. 

In order to detect such CP-violating couplings one has to construct appropriate CP-odd 
observables. Following |221], let us again consider two decay scenarios for t and t. In the first 
one, both t and t decay leptonically 



pp^tt^ trX , (8.5) 
while in the second scenario only one of the t oil decays leptonically (see also Eqs. 3.79| and |6.80| 



in section 6.2.3) 



pp ^ tt ^ i^X , pp ^ tt 



X 



(8.6) 



The processes in Eq. 8.f: have better statistics than the one in Eq. 3.5 and give the best signature 
for the top quark identification. Within these decay scenarios two possible CP-odd observables 
were considered in [^21| which we will describe below. 



8.1.3 Transverse energy asymmetry of charged leptons 

The transverse energy asymmetry of the charged leptons was originally suggested by Peskin and 



Schmidt in ||2^ for tt production in a pp collider (see Eq. 7.21 ) and was discussed in detail in 
sections |7.3| and |7.4] . Recall that in the case where both t and i decay leptonically it can be 
defined as (using here the notation in [|221[| ) 

^ ^ aiE:^ > E+) - a{E+ > E^) 

a{E^ > ^^) + a{E:^ > E:^) ' ^ ' ^ 

The result for the expected CP-violating asymmetry in the transverse energy of the muons (^j^) 
was given in [ p21| . They considered At^ as a function of the imaginary part of the top CEDM, 
Qmdf (recall that At is T/y-even thus requiring an absorptive phase), and of 3f?e(/2^ — /I'). Also, 
the usual CDF cuts were applied. They found that CP violation from the production mechanism, 
i.e., oc Qmdf, is larger then that arising from the decay process, i.e., oc Ke(/2^ — /j"). For example, 
they found that with Quidf ~ 10"^'' ^s-cm and 5Re(/2^ — ~ 0.2 one can obtain an asymmetry 
around the ~ 10% level. 

In order to understand the feasibility of extracting such values for the CP-violating couplings 



in production and decays of the tt, it is useful to decompose Af^ as follows [221]: 

At^ = cpAp + CD Ad , 
where the dimensionless couplings cp and cd are 

CP ^ !^9md? , CD ^ \^e{f^ - m ■ 



^^Recall that this is not necessarily true in model calculations, e.g., in the MSSM - see discussion in section 7.4 
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Then, in terms of cp and cd, the statistical significance for Aj. determination is given by 

A^J^ = \cpAp + cdAdI^/Wi , (8.10) 

where Nu is the number of dilepton events expected to be ~ 80 and ~ 1200 at an integrated 
luminosity L = 2 and 30 fb^^, respectively [ p22| . Ap and Ap, can be calculated and, thus, it was 
found in [p21| that a 3-0" effect will require the following relations to be satisfied 



|2.5cp + 0.9cd| > 1 for L = 2 fb~\ 
|9.8cp + 3.3cz)| > 1 for L = 30 fb~^ 



Ul) 
^.12) 



Clearly, Aj, is more sensitive to CP violation in the production mechanism than in the tt decays. 
So, for example, L = 30 fb~^ allows for an observation of cp = cpi = 0.08 at ^/s = 2 TeV. 
Note that cp = 0.08 corresponds to Qmdf = 8.8 x 10~^^ which, again, is more than an order 
of magnitude larger then what is expected for the CEDM in beyond the SM scenarios such as 
MHDM's and SUSY (see Chapter |). Similarly, the resulting 3-0" limit 3^e(/2^ - /|') = 0.16 
(corresponding to cp) = 0.08) falls short by about one order of magnitude from model predictions 
for this quantity (see discussion in Chapter ||) . 

A related asymmetry which can be used in the case when only one top decays leptonically 



was also suggested in |221 



Acuti^Tcut) 



a {Ej, > Epcut) - <t+{E:^ > Epcut) 



a 



(8.13) 



The a in Eq. 8.13 denotes the integrated cross-section with no cuts except for the standard 



experimental cuts. We note that, with the CP-violating coupling cp and cd of the order of 0.1, 
which tends to be somewhat optimistic, this asymmetry in Eq. 8.13 can also reach the ~ 10% 
level. 



8.1.4 Optimal observables 

It is useful to be able to experimentally separate CP violation in the production from that in the 



decay. The optimization method outlined in section 2^ can provide for such a detection and was 
also used in [ |221 |. 

Consider the transverse lepton energy spectrum in the single leptonic (say i'^) and the dilep- 
tonic final states 



1 da 



adE, 



f+{E+) + cpf+{E+) + CDfi{E+) , 



T 



d'a 



a dE^ dErp 



+ cpft{E, 



+ CDf^{E^j 



, Ej 



.14) 



(8.15) 



where in Eqs. 8.14 and 3.15 a denotes the cross-section for the process pp l'^ + jets and 

9 and are known functions 



I +jets, respectively. Also, cp,C£) are defined in Eq. 



pp 

of Ej^ and . 



As can be seen from Eqs. p.l4| and |8.15| , the transverse lepton energy spectrums, in both 
the single and double-leptonic channels, are sensitive to cp and cd- Using the above transverse 



lepton energy spectrum, the optimal weighting functions can be obtained. This was done in |221] 
where in both cases the statistical significances for the experimental determination of cp and cd. 



I.e., 



N. 



P,D 
SD 



|cp^p)|/Acp^p), were calculated. For the single leptonic events they obtained 



A^, 



SD 



\cp\ 
2.37 



N. 



D 



SD 



\cd\ 
18.43 



.16) 
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L[fb-^] 


2 


30 


|cp| 


0.20 


0.05 


\cd\ 


1.50 


0.40 



Table 14: The minimal values of cp and cp, necessary to observe CP violation in the single-lepton 
mode at the 3-a level for L =2, 30 fb~^. As a reference value, recall that cp = 1 corresponds to 



Qmdf = 1.1 X 10 Qs-cm. Table taken from 122^ . 





2 


30 


\cp\ 


0.39 


0.10 


\cd\ 


1.93 


0.50 



Table 15: The minimal values of cp and cp necessary to observe CP violation in the dilepton 
mode at the 3-a level for L =2, 30 fb^^ . See also caption to Table 14- Table taken from l22^. 



and for the dileptonic events 



Nip = ^VWi , N§>p = y^VWi , (8.17) 



1.17 •'^ 5.76 

where Ni and Nu are the expected number of single and double-leptonic events, respectively. 
Ni ~ 1300(20, 000) and Nu ~ 80(1200) for L = 2(30) fb-\ respectively ^2|]. The minimal values 
of Cp and cp necessary to observe a 3-a CP-violating effect with the optimization technique are 



listed in Tables 14 and 15 for the single and double-leptonic channels, respectively. We see that 
the single-leptonic modes are more sensitive to the non-standard couplings. Thus, for example, 
the Tevatron upgrade Run III with L = 30 fb— 1 will be able to probe Qmdf down to values of 
~ 5 X 10~^^ 5s-cm in the single-leptonic channel. Note that, as expected, this result is somewhat 
better than what can be achieved with 



' naive 



observables such as A'^^^ in Eq. 



L13 



We note in passing that comparable limits for Qmdf but also for Kedf, i.e.. 



9m, ?R.edf 



few X 10 gs-cm, were found also in [pil| using optimal observables for the reaction pp 
and with the Tevatron upgrade parameters. 



tt-\-X 



To summarize, as was noted in [221|, it is not inconceivable that non-standard CP-violating 
couplings of the top quark to a gluon may be discovered at the Tevatron before precision mea- 
surements at the LHC are done. 
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(a) 



g 



SSSS%. 




Q 




Figure 51: Feynman diagrams for the process (a) qq ^ QQ, and (h) gg —>■ QQ with Q = t. The 
heavy dots represent the effective vertices involving Kg and Kg (see also text). 
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Figure 52: Contours ofthepp tt+X cross-sections, inph, in the kg (horizontal axis)-Hg (vertical 
axis) plane. Figure taken from i218j. 
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— 3 —1 O 1 H 

Figure 53: Contours of the ratio TZ = (j{tij) / a{tt) in the kg (horizontal axis) -Kg (vertical axis) 
plane, with pxij) >5, 10 and 20 GeV in (a), (b), and (c), respectively. Figure taken from l21^ . 
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8.2 pp^tb + X 

In spite of the fact that at the Tevatron pp colhder, top quarks are mainly produced as tt pairs via 



an s-channel gluon exchange |22S], the subleading electroweak production mechanism of a single 
top forms a significant fraction of the tt pair production. It will therefore be closely scrutinized 
in the next runs of the Tevatron [^24[|. The production rate of tb through an s-channel off-shell 



PF-boson, pp W* tb + X, (the corresponding partonic reaction, ud — > W* — > tb, is depicted 



in Fig. |5J) is expected to yield about 10% of the tt production rate ^2 



In this section we examine CP violation asymmetries in top quark production and its subse- 



quent decay via the basic quark level reactions [138, 172, 225]: 



ud^tb^bW+b , ud^tb^bW-b . (8.18) 

Indeed this reaction is rich for CP violation studies as it exhibits many different types of asym- 
metries. Some of these, which we consider below, involve the top spin. Therefore, the ability to 
track the top spin through its decays becomes important and top decays have to be examined as 



well (see e.g. |226|). 

The asymmetries in tb production can be appreciably larger than those in tt pair production 
wherein they tend to be about a few tenths of percent (see Chapters ^ and 0). Moreover, while 
in the SM, CP-odd effects in pp W* tb + X are expected to be extremely small since they 
are severely suppressed by the GIM mechanism (see e.g., |^, |151| ), it is shown below that, in 
extensions of the SM, CP asymmetries can be sizable - in some cases at the level of a few percent. 
Therefore, since the number of events needed to observe an asymmetry scales as (asymmetry)"^, 
the enhanced CP-violating effects in tbitb) may make up for the reduced production rates for tb 
compared to tt. In fact larger asymmetries could be essential as detector systematics can be a 
serious limitation for asymmetries less than about 1%. 




Figure 54: The tree-level Feynman diagram contributing to ud tb. 
Let us discuss now the asymmetries in the ud (ud) subprocess. We consider four types of 



asymmetries that may be present [172]. First, is the CP-violating asymmetry in the cross-section 



and (jff, are the cross-sections for ud — > tb and ud - 



^.19) 



where a^i and a^^ are the cross-sections for ud — > tb and ud tb, respectively, at s = {pt + Pi) ■ 
The spin of the top allows us to define three additional types of CP-violating polarization 
asymmetries. For these it is convenient to introduce the coordinate system in the top quark (or 
anti-top) rest frame where the unit vectors are Cz oc —pb, Cy (x pu x Pb and e^ = ey x Cz. Here pb 
and Pu are the 3-momenta of the 6-quark and the initial li-quark in that frame. We denote the 
longitudinal polarization or helicity asymmetry as 



Aiz) = (Nr -Nl-Nr + NL)/iNR + Nl + Nr + Nl) 



(8.20) 
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where A'^^: is the number of left-handed top quarks produced in ud — > th and is the number 
of right-handed i produced in ud ib, etc. Therefore, in the frame introduced above right- 
handed tops have spin up along the z-axis and left-handed ones spin down. We further define 
the CP-violating spin asymmetries in the x and y directions as follows 



A{x) = (A^,+ -7V,_+iV,.+ -7V,._)/(iV,.+ + iV,_+7V,+ + iV,._), 

A{y) = {Ny+ - Ny^ - Ny+ + Ny^)/{Ny+ + Ny^ + N y+ +Ny^) , (8.2l) 

where, for example, Nj^(Nj^) represent the number of t{t) with spin up with respect to j-axis, 
for j = X, y, etc. 

While all these four asymmetries are manifestly CP-violating, ^40, A{z) and A[x) are even 
under naive time reversal (T/v) whereas A{y) is T/v-odd. So the first three, unlike A{y), require 
a complex amplitude, i.e., absorptive phases. 

These asymmetries are related to form factors arising from radiative corrections of the W* — > 
th production vertex due to non-standard physics. To see this, it is useful to parameterize the 
1-loop th and ih currents of the production amplitude as follows [138]: 



j,m ^^9W ^ uA'^+ ] Pv, , (8.22) 



V2pf^ V mt 



j,m^^9w ^ uJ^+PiApv,, (8.23) 



where P = L or R and L{R) = {I - (+)75)/2. V^^ and V2'^, defined in Eqs. |]2| and |]2|, 



contain the necessary absorptive phases as well as the CP-violating phases in a given model. It 
is easy to show that if one defines 

~ e'^' X e'^i" , (8.24) 
V2 ~ e*^' X e**^™ , (8.25) 

where 5l,Sg are the CP-even absorptive phases {i.e., FSI phases) and (^^,5^ are the CP-odd 
phases, then 



-e*^' X e"'"^™ , (8.26) 
~ e*^' X e-^''- . (8.27) 



In terms of these form factors, the two T/v-even asymmetries A^ and A{z) are given by [172|: 



^0 = i^-^ (Pf + ) - (V^ - V^) , (8.28) 
2(x -I- 2) 

A{z) = 5Re {Vf + ) -^^e {Vk - V^) , (8.29) 

where x = m^js. Notice that the three quantities {^Oi ^(-2),^(a^)} are linear combinations of 
only two form factors. Thus one can show that 



A{x) = -37ra;- 2 [(2 ^ x)Aq + (2 - x)A(z)\ /32 
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(8.30) 



which will therefore hold if the new CP violating physics takes place through such a vertex 
correction of W* — > tb. 

Similarly, the asymmetry A{y) is proportional to the real parts of the 1-loop integrals and 
may therefore be obtained from the corresponding imaginary parts through the use of dispersion 
relations. In particular, since the Tjy-even asymmetries are proportional to the absorptive phases 
in the above form factors, one can express A{y) in terms of Aq and A(z), 



Aim 



3 

32 



3?e 



2^ + 3; 



(e-x)(e-i + ie)e 



X [(2e - x)Aom + (2e + x)Aiz)m] 



i.31) 



Note that the integrand is if S^s is below the threshold to produce an imaginary part since then 
^0 and A(z) will vanish. 

Let us now evaluate the form factors defined in Eqs. 8.22| and S.23 in two extensions of the 
SM: the 2HDM of type II and the MSSM. As was pointed above, once these form factors are 
calculated in a given model, the asymmetries Aq, A{z), A{x) and A{y) can be readily obtained. 



8.2.1 2HDM and the CP-violating asymmetries 

As emphasized through out this article, in the 2HDM of type II, a CP-odd phase can reside in 
neutral Higgs exchanges and there is only one Feynman diagram that contributes to CP violation 



in ud W* tb to 1-loop order. This diagram is shown in Fig. 55. The relevant Feynman rules 
for this diagram, required for calculating the asymmetries of interest, can be extracted from the 
parts of the 2IIDM Lagrangian involving the til-& and WWTi^ couplings in Eqs. 3.7C and 3.71, 



with k = 1,2,3 for the three neutral Higgs fields. Recall again that the coupling constants, a^, 
b^ and are functions of tan /3, which is the ratio between the two VEV's in this model, and of 
the three mixing angles Q;i,2,3 which diagonalize the 3x3 Higgs mass matrix (see section 3.2.31) . 



As usual, for simplicity, we have assumed that two of the three neutral Higgs-bosons are much 
heavier compared to the third one which we denote by h. Thus, the CP-violating effect will be 
dominated by the lightest neutral Higgs, h, and is proportional to b^c^. Choosing the angles 
«i = "2 = 7r/2 and as = which give maximal effects [172], one obtains 6^c'^ oc cos /3 cot /3 so 
the asymmetries are now functions of tan (3 and rrih only. 




Figure 55: The CP-violating 1-loop graph in 2HDM's with CP violation from neutral Higgs ex- 
changes; h denotes the lightest neutral Higgs. 

Using the Lagrangian in Eqs. 3.7C and 3.71, the form factors 5Re (Vi +1^^) and Sfte (V2 —'P2) 
can be readily calculated and we get 



V V 2 / 2tt sm^ 9w mfy L 
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23) 



a 



m 



Co 

2 



c 



11 



^/2J 47r sin^ 9w "t-vf 
2C24] , 



.32) 



^.33) 



where the Cx above, x S {0, 11, 12, 21, 22, 23, 24} , are the three-point form factor associated with 
the 1-loop diagram in Fig. 



and are given via |172|, 225]: 



Cx = Cx{mf,m^,,ml,ml,s,m'f) , (8.34) 

where s = {pt + Pi)'^ and Cx{rn\,m'2,rn^,p\,p'2,p\) is defined in appendix A. 

The quark level asymmetries of interest can be converted to the hadron (i.e., pp) level by 
folding in the structure functions in the standard manner |6l|. The results for the 2HDM case 
are shown in Fig. |5^, for tan/? = 0.3 and as a function of the lightest Higgs-boson mass, m/j. For 
the asymmetry A{y) we apply a cut of s > (m/i + mw)'^. We can see that ^0 ^-nd A{x) can reach 
above the percent level for rrih < 200 GeV. The measurable consequences for such an asymmetry 
are discussed in section |8.2.3 below. 



It is interesting to note that in the 2HDM (to the 1-loop order) the T/v-even asymmetries 
A.{z) and A{x) do not receive any contribution from the decay vertex in t — > hW . The 
only diagram that can potentially drive CP violation in i — > hW is the same one as shown in 
Fig. |5^ with the momenta of the t and the W reversed. Thus, an important necessary condition 
for Aq, A{z)^ A{x) 7^ 0, that there is an imaginary part in the decay amplitude, is not satisfied. 
Moreover, as it turns out, the observed value of A{y) is not affected by CP violation in the decay 
process. The key point is that the measurement of A{y) through the decay chain u{pu) d{pd) — > 
^{Pbi) t{Pt) followed by t{pt) — > h{pb2) e.'^iVe) i^iPu) is equivalent to a measurement of a term 
proportional to e{pe,Pd,Pt,Pbi) (e being here the Levi-Civita tensor). On the other hand, CP 
violation arising from the decay process is proportional to e{pe,Pd,PtiPb2)- It is easy to see that 
an observable related to the first of these will be insensitive to the second. So, in this way 
asymmetries in the production can be separated from those in the decay. 
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Figure 56: The CP-violating asymmetries in pp ^ tb + X for the 2HDM case and in the pp c.m. 
frame for y/s = 2 TeV, as a function of rrih (horizontal axis); Aq (solid), A{z) (dashed), A{x) 
(dotted) and A{y) (dot-dashed). Figure taken from ^17^ . 
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8.2.2 SUSY and the CP-violating cross-section asymmetry 



The MSSM possesses several CP-odd phases that can give rise to CP violation in pp ^ tb+X and 
in the subsequent top decay t — > bW (see section ^.1.4|) . In [138| we have constructed a plausible 
low-energy MSSM framework in which there are only five relevant free parameters needed to 
evaluate the cross-section asymmetry Aq (see also sections ^.3.4 and ^■1.4 ). These are: Ms - a 
typical SUSY mass scale that characterizes the mass of the heavy squarks, mo - the mass of the 
gluino, /Li - the Higgs mass parameter in the superpotential, mi - the mass of the lighter stop and 
tan P - the ratio between the VEV's of the two Higgs fields in the theory. In this framework there 
are two sources of CP violation that can potentially contribute to Aq [138|. The first may arise 
from the Higgs mass parameter which may be complex in general. The second CP-violating 
phase arises from tL—tR mixing (see e.g., Eq. 5.60| ) and may be parameterized by a single quantity 



defined in Eq. p. 61 



In this scenario, when no further assumptions are made, there are 12 Feynman diagrams that 
can give rise to CP violation at the parton level process ud tb which are depicted in Fig. 
However, if we assume that arg(;u) = as implied from the existing experimental limit on the 
NEDM (see discussion in section [3.3.4 ) and take ruu = rrid = rrn, = 0, then only diagrams (a), 
(b), (d), (e) and (g) have the necessary CP-violating phase, being proportional to one quantity - 
£,CP- In ||l3j ] we have shown that with Ms and mc of about several hundred GeV, diagram (d) 
is in fact responsible for ~ 90% of the total CP violation effect. 

Let us, therefore, present the results for the asymmetry Aq corresponding only to diagram (d) 
in Fig. 57. The Feynman rules needed to calculate can be derived from the following parts of 
the SUSY Lagrangian 1T2F 



utd 



+ 



Vl 



V2 



— -0 
'^i Xn 



9W ^li* 



V2: 



+ 



gw tan Oy/Z'^* Z 



V2 



2i* ryln* 

N 



V2 



V2 



gwl^r {K'L + K+R) xlW+ + h.c. , 



u + h.c. 



(8.35) 



(8.36) 
(8.37) 



where L{R) = |(1 — (+)75), Ui and u {dj and d) stand for up squark and up quark (down 
squark and down quark), respectively, Xm ("i = 1,2) and Xn (?^ = 1 — 4) are the charginos and 
neutralinos, respectively. Also, in Eqs. 8.37 and 8.36| we have defined 



K+ 

K~ 



tan 6wZj^ =c ^7V 1 



r72n* ry 



Im 



7ln _|_ ^2ri 
i T^^N 



1 



2m ' 



ryln y+* ryAn 17+* 



(8.38) 
(8.39) 

(8.40) 



and the mixing matrices Zu, Z^, Zjs;^ Z~ and Z"*" were given in []138| (also given in section |3.3.2D 
Using the Lagrangian in Eqs. g.35 - 8.37| , the form factors 3fJe (Pf + "P/^) and JJe (Pg" ~ T'k 
(corresponding to diagram (d) in Fig. p^) can be evaluated within the MSSM and are given by 
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R\ 



3fie {Vl + Vi 



3?e {V2 - V2 



a. 



vr sin Q\/i/ 



mt 



1 



a 



2 vr sin 6\y 



0\ {{s 



22 



-mtm^oOpmCf^ + mtm^^Opm [c^ + Cf^) 



.41) 



.42) 



where s = {pt + and contain the SUSY CP-weak phases associated with diagram (d) 
in Fig. |5^. In fact, the same CP-violating phases occur also in the decay t bW (see section 
5.1.4| ) and, therefore, the above are the same as the ones given in Eqs. ^.50 - x53| . The 9mC^, 
X S {0, 11, 12, 21, 22, 23, 24} , in Eqs. 8.41 and 8.42 are the imaginary parts of the three-point form 
factors associated with diagram (d) in Fig. 57. Thus, are given via |13J]: 



= Ca;(m| ,m|^,m|o,m^,s,m^) , (8.43) 

and Cx{mi,m2,rn'^,pi,p2,pl) is defined in appendix A. 

In |138|] , instead of calculating the cross-section asymmetry Aq, we considered a partially 
integrated cross-section asymmetry, A^^^^, in which we have imposed a cut on the tb invariant 
mass, rritb < 350 GeV. Such a cut on m^^ may help to remove the tt "background" from a 
measurement of a cross-section asymmetry in pp — > tb + X. The results in the SUSY case are 
shown in Figs. ^ and ^ as a function of fi and mc respectively, for Ms = 400 GeV, m/ = 50 
GeV {mi is the mass of the lighter stop particle) and for tan/3 = 1.5, 35. Maximal CP violation 
was chosen in the sense that = 1, thus the asymmetry plotted in Figs. 58 and ^ is in fact 
given in units of £,(jp- Evidently, for some values of ^ around 100 GeV and with mo ~ 450 
GeV the asymmetry can almost reach the 3% level. The asymmetry is above the 1% level for 



several other choices of fi. It was also shown in [138| that, in general, in order for the asymmetry 



to be above the percent level the mass of the lighter stop is required to be below ~ 75 GeV. 
Furthermore, the asymmetry tends to drop as tan P is increased in the range 1 < tan /? < 10, and 
it is almost insensitive to tan/3 for tan/3 > 10. 

In the MSSM, 1-loop radiative corrections to the amplitude of top decay t bW that can 
violate CP are also present. In fact, disregarding the incoming u and d lines, diagrams (a)-(d) in 



Fig. 57 with the t and W momenta reversed, can give rise to a CP-violating tbW decay vertex. 



This was discussed in some detail in section [5.1.4 . To 1-loop order in perturbation theory, where 



the CP-violating virtual corrections enter only either the production or the decay vertices of the 
top in the overall reaction pp ^ tb + X ^ W^bb + X, and in the narrow width approximation 
for the decaying top, an overall CP asymmetry. A, can be broken into 

A = Ap + Ad. (8.44) 



In Eq. 8.44 Ap and Ad are the CP asymmetries emanating from the production and decay of 



the top, respectively, and are defined by 



, aipP^tb + X) -aiPP^ib + X) 

a{pp ^ tb + X) + a{pp ^ tb + X) ' ^ ^ 

_ T{t^Wn)-f{i^W~b) 

= nt^wn)+ni^w--b) ■ 
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The PRA Au, defined in Eq. 3.46, does not depend on the specific production mechanism of the 
top and was calculated in section 5.1.4. We have shown there that, with the low-energy MSSM 
parameters described above, one gets < 0.3% where, in most instances, it tends to be even 
smaller - |^_d| < 0.1%. Therefore, it is about one order of magnitude smaller than the asymmetry 
in the production of tb and its relevance to the overall asymmetry in pp ^ tb + X ^ W~^bb + X 
is negligible. 

As a final remark here, let us recall that in the 2HDM case discussed before, the PRA 
in Eq. 3.46 is forbidden at 1-loop order because of CPT invariance, i.e., no rescattering of final 
states as shown in section ^.31. This was also discussed in section 5.1.2. 
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Figure 57: CP-violating, SUSY induced, 1-loop diagrams for the processes ud — ^ tb. g is the 
gluino, x is a chargino, x° is a neutralino and t and b are top and bottom squarks, respectively. 
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Figure 58: The SUSY induced partially integrated cross-section asymmetry ^q^^"^ defined in 
the text, as a function of fi, for Ms =400 GeV, mi =50 GeV and for y/s =2 TeV. With (a) 
tan/3 =1.5 and (h) tan/? =35. Figure taken from [ISt]. 
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Figure 59: The SUSY induced partially integrated cross-section asymmetry Aq^^^ defined in the 
text, as a function of mo, for several values of fi, Ms =400 GeV, rui =50 GeV and for y/s =2 
TeV. With (a) tan/3 =1.5 and (h) tan/3 =35. Figure taken from /p5|/. 
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8.2.3 Feasibility of extraction from experiment 



To summarize the results of sections 8.2.1 and 8.2.2, CP-violating asymmetries in single top 
production and decay at the Tevatron through pp ^ tb + X ^ W~^bb + X may optimistically 
reach a few percent in extensions of the SM such as SUSY and 2HDM's. In future upgrades 
of the Tevatron to ^/s = 2 TeV, the cross-section for pp ^ tb + X is expected to be about 
300 fb, if a cut of rritb < 350 GeV is applied on the invariant mass of the tb |13J]. Therefore, 
with an integrated luminosity of £ = 30 fb~^ |224], an asymmetry of ~ 3% can be naively 
detected with a statistical significance of 3-0". Therefore, a percent level CP-violating signal in 
the reaction pp ^ tb + X ^ W'^bb + X is especially notable as it may become accessible at the 
near future 2 TeV pp collider. In particular, based on the results presented in this section, such a 
measurement may impose limits on the CP-violating parameters arg(^t) and b^c^ of the MSSM 
and the 2IIDM, respectively. However, it should be noted that such a detection at the Tevatron 
will require the identification of all tb pairs , which, in principle, can be achieved only if the top 
can be reconstructed even when the W decays hadronically. 

It will be also useful to explore SUSY or 2HDM mediated CP-violating effects that can 
originate from the VF-gluon fusion subprocess which contributes to the same final state (i.e., 
Wg tbd) and which has a comparable production rate to that of the simple ud — > tb in the 
2 TeV Tevatron. While in the MSSM various 1-loop triangle and box corrections can give rise 
to CP nonconservation in the PF-gluon fusion subprocess, in the 2IIDM CP-violating radiative 
corrections to Wg fusion, at the 1-loop order, do not yield absorptive parts in the limit m;, = 0. 
Therefore, it will not contribute to CP asymmetries of the TAr-even type in single top production. 
Note, however, that the VK-gluon fusion subprocess has its own characteristics, e.g., the extra 
light jet in the final state, which may be used in order to experimentally distinguish it from the 
"simple" ud fusion process (see e.g., Heinson et al. in p24|]). 



8.3 pp — > thh + X, a case of tree-level CP violation 

Motivated by the large, tree- level, CP-violating effects found in the the reaction e^e~ — > tth (see 
section |6.2| ) , we were led to consider an analogous reaction in the Tevatron pp collider with a tbh 
final state ]225| ]. Thus, in this section we focus on CP violation, driven by 2IIDM in the process 
pp — > tbh + X, where h is the lightest neutral Higgs in the 2IIDM of type II. From the outset we 
remark that a statistically significant CP study in the reaction pp — > tth -|- X in a future Tevatron 
upgrade with cm. energy of 2 TeV and even 4 TeV , is unlikely due to the low tbh event rate. 

As in the case of e^e~ tth, a very interesting feature of the reaction ud tbh (at the 
parton level) is that it exhibits a CP asymmetry at the tree graph level. Such an effect arises 
from interference of the Higgs emission from the t (but not from the b in the limit nif, — > 0) with 
the Higgs emission from the VF-boson. Being a tree-level effect the resulting asymmetry is quite 
large. This asymmetry may be measurable in principle, through a CP-odd, T/v-odd observable. 

Let us now discuss the tree-level cross-section and CP violation effects in our reactions, 



u{Pu)d{p^) t{pt)b{pi)h{ph) , u{pu)d{pd) t{pt)b{pb)h{ph) 



.47) 



In the limit nib = (and also niu = rud = 0), and to lowest order, the only two diagrams 
that can contribute to CP violation in the reactions of Eq. 8.47 are depicted in Fig. 6C. The 



relevant Feynman rules needed to calculate the tree-level CP asymmetry are extracted from the 
Lagrangian in Eqs. 3.70 and 3.71. Here also, we assume that two of the three neutral Higgs 
particles are much heavier than the remaining one, i.e. h. We, therefore, omit the index k in 



Eqs. 3.70| and 3.71 , and denote the couplings for the lightest neutral Higgs as: a^, 6? and c''. The 
tree-level differential cross-section Yl^ at the parton level, is a sum of two terms: the CP-even 
and CP-odd terms S^L and T,^ , respectively. 
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(a) 




(b) 



Figure 60: Tree-level Feynman diagrams contributing to ud — > tbh in the limit rrid = niu = rrih 
0; h stands for the lightest neutral Higgs in a 2HDM. 



(8.48) 



where are calculated from the tree-level diagrams in Fig. |6^. The expression for the CP-even 
part, i.e., Si, can be parameterized as 



27ra 
sin^ 6y/ 



m 



w 



/i\2tt2i 



mf 



.49) 



where the terms A, B, C and D are quite involved and were calculated in |225]. Hw is the PF-boson 
propagator, and together with and Hwh are given by 



n 



w 



m 



w 



2pt -Ph + m] 



n 



Wh 



mt - + 2pt ■ PI 



.50) 



Furthermore, p = pu + pg is the s-channel 4-momentum at the quark level, and s is defined to be 

2 

S = p . 



The CP-violating piece of the tree- level differential cross-section is [225|: 



23/2 ( 



' -^U^nwh^tbtc'' X e{pi,p^,pt,pu) X [f - st + w) , 



Vsin 6w , 



m 



.51) 



w 



where st = {pt+Pif, f ^ {Pu - Pd) ' (Pt +Pb)^'^ = (Pu + Pd) ' (Pt + Pi) and e is the Levi-Civita 
tensor. 

For illustration, we adopt here also the value tan/3 = 0.3. We fold in the structure functions 



of the u and the d inside the p and p, respectively, and plot in Fig. 61 the tree-level cross 



section for pp — > tbh + X, with cm. energies of y/s = 2 and y/s = 4 TeV. Four possible 
sets of the Higgs coupling constants a^, and c'* were chosen. For illustrative purposes, the 
first two sets of parameters which are chosen for a 2 TeV collider are: set I with tan (3 = 0.3, 
{«!, 02,03} = {7r/4, 7r/2, 37r/4} and set II with tan/3 = 0.3, {01,02103} = {''r/2, 7r/2, 0}. The 
other two, chosen for a 4 TeV collider are: set III with tan (3 = 0.3, {oi, 02, 03} = {7i"/4, vr/2, 7r/2} 
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and set IV with tan/3 = 0.3, {01,02,03} = {7r/2, 37r/4, 37r/4}. The general feature of these sets 
is that sets I and III give rise to a large CP asymmetry but "small" cross-section, while sets II 
and IV increase the event rate but decrease the asymmetry. Also, note that each set by itself is 
not unique, as there are other values of the angles ai,a2 and 03 for each set which lead to the 
same effect. 



As in the reaction e~^e~ tth discussed in section 6.2, we are dealing here with a tree-level 
CP-violating effect. Thus the CP-violating term T,^ can probe only CP asymmetries of the T/v- 
odd type. In this case the final state is not a CP eigenstate. Therefore, one has to construct a 
T/v-odd, triple correlation product (or equivalently, a Levi-Civita) which takes into account the 
conjugate reaction as well {ud — > tbh) , thus endowing the observable with definite CP properties. 
This led us to consider the following CP-odd, Tjv-odd observable 

O = {e{pu,Pb,Pt,Ph) + e{pu,Pb,Pt,Ph))/s'^ . (8.52) 



Fig. 62 shows the results for the signal to noise ratio, i.e., the asymmetry Aq =< O > 
/V< 02 >, for ^ = 2 TeV with sets I and II and for ^ = 4 TeV with sets III and IV. 
Evidently, the asymmetry Aq is of the order of 10-15% for a light Higgs particle in the mass 
range 50 GeV < m/j < 100 GeV and of the order of 20-30% for a heavy Higgs particle with mass 
in the range 200 GeV < rrih < 250 GeV, for both set II (which corresponds to a 2 TeV collider) 
and set IV (which we chose for the 4 TeV collider). Sets I and III give asymmetries of the order 
of a few percent. Although with these sets, i.e., sets I and III, the cross-section can be 10 times 
larger than that corresponding to sets II and IV, the statistical significance of the CP-violating 
effect that can be achieved when the free parameters of the 2HDM are chosen according to sets 
I and III is much smaller than that with sets II and IV. This is simply due to the fact that the 
number of events needed to detect the CP-violating effect scale as (asymmetry) Therefore, the 
enhanced effect for sets II and IV makes up for the reduced production rate in those scenarios. 

Let us proceed by analyzing the two scenarios which give the large asymmetries. For the 
reaction at hand, the statistical significance Nsd of the CP-odd signal in the collider is 



NsD = VC\/a{pp tbh + X) xAo (8.53) 

where C is the collider luminosity. From Fig. |6l| we see that a{pp — > tbh + X) ~ 0.1 — 10 
fb, depending on the parameters aj^,6^ and and the neutral Higgs mass. Thus, since Aq ~ 



0.1 — 0.3 in the best cases, it is evident from Eq. |8.53| that, typically, an integrated luminosity 
of about ~ 100 fb~^ will be required to be able to observe a statistically significant effect in this 
reaction. Therefore, although the CP asymmetry in this process could reach the 10-30% level, it 
is, unfortunately, not likely to be able to produce a CP-violating signal in the next runs of the 
Tevatron with C = 2 fb~^ and even with 30 fb~^. 
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Figure 61: The cross-section for the reaction pp tbh + X (in fb), for (a): ^/s = 2 TeV and 
for sets I (solid line) and II (dashed line), (h): ^/s = A TeV and for sets III (solid line) and IV 
(dashed line). For the definition of the sets I, II, III and IV, see text. 
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Figure 62: The asymmetry, Aq (see text) as a function of mh for (a): =2 TeV with sets I 
(solid line) and II (dashed line), (h): ^/s =4 TeV with sets III (solid line) and IV (dashed line). 
For the definition of the sets I,II,III and IV, see text. 
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9 CP violation in 77 collider experiments 



Future electron-positron colliders include the attractive option of a linear 77 collider, where each 
beam of photons is produced by Compton backscattering of laser light on an electron or positron 
beam. The peak energies and luminosities of the 77 are expected to be slightly smaller than 
those of the corresponding e^e~ collider. The idea was originally suggested in [227, 228]; for 
recent reviews see p29| ]. The attractive option of obtaining polarized photon beams is also being 
considered. Note also that 77 collisions have been discussed in the context of heavy ion colliders 
(for a review see [p30| ) as well. Unfortunately, the invariant 77 mass reach for the LHC (running 



in its heavy ion mode), will only be about 100 GeV, with lower values attainable at RHIC |23C]. 
Therefore, this option will not be discussed here. 



9.1 77 — > X: general comments 

In a 77 collider there are two distinguishable modes: unpolarized and polarized incoming photons. 
In the unpolarized case, in order to be able to detect CP violation in the reaction 77 — > tt 
one needs information on the spins of the t and the t, or equivalently, one needs to construct 
asymmetries involving the decay products of the top quark. In this case, including the subsequent 
decays of the t and t, one can break the differential cross-section for the process 

7i(A;i,Ai)72(A:2, A2) t{pt, st)t{pt, St) , (9.1) 
to its CP-odd and CP-even parts as 



da = da"'^'^ + da"''^'' . (9.2) 



In Eq. Ai, A2 denote the helicities of the incoming photons 71, 72, respectively, and st, Sf 
are the covariant spins of t, i, respectively. 

In general, the CP-odd terms in Eq. |9.2| has the form 



da"'^'^ oc 5.q- {st X %) + 5+q- {st - Sf) , (9.3) 

where ^ is a three momentum of any of the particles in the final or the initial state (i.e., q = 
ki, k2, Pt or pf) and sj(sf) is the spin three vectors of the t{t). 5- and 5+ are non-zero only 
if there is CP violation in the underlying dynamics of the process 7172 — > tt. Furthermore, 6- 
is proportional to the dispersive, CP-odd, T^r-odd contributions, while 5+ gets its contribution 
from absorptive, CP-odd, TAr-even terms. Of course, as mentioned above, the CP-odd polarization 



correlations of the top and the anti-top in Eq. 9.3 will lead to CP-odd correlations among the 



momenta of the decay products of the t and the t. Asymmetries which involve the top decay 



products in the case of the unpolarized photons were investigated in |175| , 231 ]. 

If the incoming photons are polarized, then one can construct CP-odd correlations by using 
linearly polarized photons where no information on the momenta and polarization of the top quark 
decay products are needed. The amplitude squared for a general final state X, i.e., 77 X, in 



the case where the two photons are linearly polarized is given by ]171]: 



(i^{v,'n;X,(t') = 5]unpol - ^[??cos(0-F x) +f?cos(</> - x)]3?e(So2) 
+ ^[??sin((/)-Fx) -??sin((/>-x)]3?m(So2) 
- ^[vcos{(l) + x)-VCOs{(j)-x)]^e{Ao2) 
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1 



+ -[r?sin((^ + x) +j?sin(</>-x)]5m(Ao2) 
+ rifj cos(2(/>) (S22) + VV sm{2^) 3m (S22) 
+ 7?7?cos(2x)3?e(Soo) + r/f/ sm(2x) 3m (Sqo)- 



(9.4) 



Here rj, rj are the degrees of linear polarization of the two initial photons, x 4' the azimuthal 
angle difference and sum, respectively, and the invariant functions are defined as |171|: 



^unpol 
S02 
A02 
S22 
^00 



J2 [M++{Ml_ + M*+) + (M+_ + M_+)M*_] 



- 5] [M++(M;_ - M* +) - (M+_ - M_+)M*_] 



X 



(9.5) 
(9.6) 
(9.7) 
(9.8) 
(9.9) 



The subscripts and 2 in Eqs. - 19.9| represent the magnitude of the sum of the initial photon 
helicities and the notation for the helicity amplitudes for the reaction 7i(Ai)72(A2) X using 



Eqs. 9.5 - 9.9 is 



Mx,x, = {X\M\Xi\2) . 



(9.10) 



Furthermore, the event rate of any final state production through 77 fusion can be written in 
general as |232]: 



dN = dC 



■77 ^ ^1 '''^2'''^ 

i,j=0 



> da'^ , 



where (,i\£,2^) are the so called Stokes polarization parameters for 71(72) with 

particular, ^j^-* and ^2^^ are the mean helicities of 71 and 72, respectively, and \/(^P^^M-~(^P^ 
are their degrees of linear polarization. Also, dC-yy is the luminosity of the two photons and a 
are the corresponding cross-sections. 



(0) 



^(0) 
^2 



(9.11) 



1. In 



There are only three CP-odd functions out of the nine invariant functions in Eqs. |9.5| - |9.9| : 
3m(So2); 9ni(Eoo) and 3fJe(Ao2). While 3m(So2) and 3m(Soo) are T/v-odd, 3fie(Ao2) is T/v- 
even. A CP-odd asymmetry can be formed at a 77 collider if, for example, the J = amplitudes 
of two photons in the CP-even and CP-odd states are both non-vanishing: 



M [77 ^ X(CP = +)] oc el • €2 , 

M [77 ^ X{CP = -)] oc {ei X 6*2) • ki 



(9.12) 



where ei and 62 are the polarizations of the two colliding photons and ki is the momentum vector 
of one photon in the 77 cm. frame. Such an asymmetry can be constructed, for example, by 
taking the difference of distributions at x = ib7r/4 |171, 233]: 
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^00 = 



3m (Soo) 
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^unpol 
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4 - 



(9.13) 



Alternatively, in terms of event rates which correspond to the (0,0) and the unpolarized initial 
photon-photon states this reads 



loo 



iVoo 



-^unpol 

9.2 77 tt and the top EDM 

Recall that a top EDM, i.e., dj , modifies the SM ttj coupling to read 



(9.14) 



= ^e-7^ + crf,ul5{Pt + PtT , (9-15) 
and CP violation arising due to this EDM of the top can be studied in the reaction 7172 tt of 



Eq. 9.1 



The relevant lowest order Feynman diagrams for 77 — > tt are shown in Fig. 63 wherein the 
top EDM can be folded into any of the ttj vertices in those two diagrams. We note however 
again that, in general, the CP-violating effects in 77 — > tt can not necessarily be all attributed 
to the top quark EDM. For example, in a 2HDM (see next section) additional box diagrams can 
give rise to CP-nonconserving terms in the amplitude of the reaction 77 — > tt. 



y,k2,v 




Figure 63: Lowest order Feynman diagrams for the process 7i (^1)72(^2) t{pt)t{p^). /x and v 
are Lorenz indices 

With the notation M(Ai, A2, Af, Aj) for the amplitude, where Ai, A2, Xt and Xj correspond to 
the helicities of the two incoming photons, the top quark and the top anti-quark, respectively, 
the non-vanishing helicity amplitudes for the process in Eq. |9.1| , obtained for combinations such 
as A2 = Ai = A^ or A2 = — Ai = A^ and Af = Xt or Af = —Xt, are given by [171, p33| , 234]: 



M{X^, X^, Xt, Xt) 



-ACt^{iX^ + Xt(3t) 



—idl 2mt 



2 + 



4m^ 



A(A-AtA^)sin2 Ot 



-^ + Pt{Pt-X^Xt)sm^9t 



(9.16) 
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M(A^, A^, At, -At) 



-AmtCt 



xPtsinOt cos6t i d] — mt (d'J)'^ 



(9.17) 



rrit 



M(A^,-A^, Xt, At) = 4Ct^ 



XtPt + id:i^ft-{dlf |At/3t 



M(A^,-A^, At, -At) = 2C7t/3tsin0t{(A^At + coset 



sin^ Ot 



(9.18) 



— ^ cos Ot + X^Xtil - Pt cos^ Ot) 



(9.19) 



where 9t is the scattermg angle in the cm. frame and Pt is the top quark velocity and Cf = 
e2Q2/(l-/32cos2 0t). 

The CP-odd T/v-odd distribution 5m (Sqo) defined in Eq. depends linearly on and is 



given by |171|: 



(Soo) = 24 (1-/32 cos^^t) 5jg(^7) ^ 



(9.20) 



and the asymmetry Aqq defined in Eq. |9.14| can then be calculated [|171| , |233[| . After extracting 
the top EDM from Aqq and defining Aqq = 3?e («;^)j4oo, where k-y = 2mtd^ /e is a dimensionless 



EDM form factor, as in Eq. 6.108 , one obtains the allowed sensitivity (i.e., Nsd = number of 
standard deviations) to the dispersive part, ^e{ky), in the case that no asymmetry is found 



Max(| 3?e(K^)|) 



V2N. 



SD 



1^00 Ve^unpoll 



(9.21) 



where e is the detection efficiency which was taken to be 10% in [171]. The kinematics of the 
Compton backscattering process at hand is characterized in part by the dimensionless parameter 
X = 2p(. -py/mg. Larger x values are favored to produce highly energetic photons but the degree 
of linear polarization is larger for smaller x values (for more details see Jl71|). In particular, the 



denominator on the r.h.s. of Eq. 9.21 depends on x, which for a given cm. energy squared, s, is 
bounded by 



2mt 



2mf 



<x<2{l + V2) 



(9.22) 



for the process 77 tt where the upper bound is required to prevent e^e^ pair production in 
the scattering of the photon while the lower bound is required to have photons energetic enough 
to produce top pairs. 

In |171| ] the x dependence of the 3?e (kj) upper bound, i.e. Max(| 3fJe {ky)\), was given which is 
shown in Fig. 64 for two cm. energies y/s = 0.5 and 1 TeV. We see that Max(| 3fie (k^)|) can reach 
below 0.1 where the optimal sensitivities are obtained with x = 3.43 and x = 0.85 for y/s = 0.5 
and 1 TeV, respectively. For these x values, and to 1-cr, the upper bounds that can be achieved 
are: ^e{ky) = 0.16 and ^e{ky) = 0.02 for -y/i = 0.5 and 1 TeV, respectively. This corresponds 
to 3fie((i7) ~ 0.9 X 10"^^ and 0.1 x lO"^'^ e-cm for ^/s = 0.5 and 1 TeV, respectively 

Different type of asymmetries which involve the polarization of both the initial photons beams 
and the decay products of the t and t (e.g., t — > b£u£) in the reaction 77 — > tt, were suggested in 



1 23^]. The first one is a charge asymmetry, A^h, which measures the difference between the number 
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of leptons and anti-leptons produced as decay products of the top and anti-top, respectively. The 
second, ^fb, is a sum of the forward-backward asymmetries of the leptons and anti-leptons and 
requires polarized laser beams. In terms of the differential cross-sections these asymmetries are 
given by 



^ch(^o) 



da~^ da 



9o 



dOp 



dOp 



dOp 



da^ 



+ 



da 



(9.23) 



and 



' da+ da-\ H'^'^ ( dcr"^ da-\ 
'^'''^^'^ r-'%Jda^ da-\ • ^'-''^ 

where and refer to the i'^ and £~ distributions in the cm. frame, respectively, and is 
a cutoff on the polar angle of the lepton. It is important to note that if there is no CP violation 
in the top decays, then the charge asymmetry is zero in the absence of the cutoff 9q. 

Both Ach and ^fb are T/v-even asymmetries, thus they probe the imaginary part of the top 



EDM, 3m (d^). In |234], the case where one of the t or t decays leptonically and the other 
decays hadronically, was studied 0. Also, it was assumed that no CP violation enters these 
top decays. The asymmetries and ^fb were then evaluated in the 77 cm. frame and 90% 
C.L. limits on the top EDM, in the case that no asymmetry is found in the experiment, were 
obtained. The 90% C.L. limits were evaluated for different electron and laser beam energies as 
well as for different cutoff angles. Also, different helicity combinations of the initial beam and 
different values of the dimensionless parameter x defined before (see Eq. 9.22| and the discussion 



above), were analyzed. They found that for an electron beam energy of 250 GeV, and for a 
suitable choice of circular polarizations of the laser photons and longitudinal polarizations for the 
electron beams, and assuming a luminosity of 20 fb~^ for the electron beam, in the best cases 
and in an ideal experiment, it is possible to obtain limits on the imaginary part of the top EDM, 
again, of the order of 10~^^e-cm. However, an order of magnitude improvement may be possible 



if the beam energy is increased to 500 GeV \234]. 



To conclude this section, the reaction 77 tt can serve to limit both the real and the 
imaginary parts of the top EDM. However, it is worth mentioning that the limits that may be 
placed on the top EDM through a CP study in 77 — > tt are roughly comparable to those which 
might be obtained through a study of the reaction e^e~ — > tt at the NLC (for comparison see 



section 3.1). Therefore, the motivation for going to a 77 collider in order to study effects of 
the top EDM is somewhat arguable. On the other hand, model calculations of CP violation in 
77 ti, such as the one described below, i.e., a 2HDM, show that CP-nonconserving signals in 
this reaction, which are not necessarily associated with the top EDM, may be sizable; i.e., at the 
detectable level in a future photon collider. 



^^then the asymmetries correspond to samples A and A defined in Eqs. |6.79| and |3.80| in section 3.2.3 
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Figure 64: The x dependence of the ^e{k^) upper hound, i.e., Max(| 3fie at -y/s =0.5 TeV 



( solid line ) and 1 TeV ( dashed line ), from the asymmetry Aqq . Figure taken from \l 7l\l 
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9.3 77 ~^ cind s-channel Higgs exchange in a 2HDM 



A 77 collider can also provide an interesting possibility for producing an s-channel neutral Higgs- 
boson, via 77 h, which can then decay to a pair of fermions, h ^ ff (recall that a related 
process was considered in the context of a pp collider in section [7.3.2 ). Once again, h stands for 
the lightest neutral Higgs-boson in a MHDM and the other neutral Higgs particles are assumed 
to be much heavier, thus, neglecting their contribution in what follows. 

The decay of a neutral Higgs, for m/j > 2mj, to a pair of tt will inevitably dominate the other 
fermionic decays of the Higgs due to the largeness of the top mass. CP violation in the reaction 
77 — > ti was investigated within a MHDM in [231] for unpolarized incoming photons, where the 



effects of the s-channel Higgs were included. In 232 | polarized laser beams were considered for 
the s-channel neutral Higgs production, 77 ^ /i. 

In [231] the complete set of CP-nonconserving contributions to 77 — > tt, at the 1-loop order, 
were considered within a 2HDM of type II. Recall that, in the SM, CP violation cannot occur 
in this process at least to 2-loop order. This set of 1-loop Feynman diagrams is depicted in 

represents the only tree-level diagram for this process; this 



5 a 



65 (i.e. 



Figs. 65(b)- 65(h) and Fig. 

tree-level diagram and its permuted one are also shown in Fig. |63 

We define Mi to be the amplitude for a diagram i in Fig 
further decompose M-i to its CP-odd part M-"'^'^ and CP-even part Ai 
Then, to leading order, the CP-odd {da°'^'^) and the CP-even {da' 
cross-section are given by 
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odd 
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J even f 



(9.25) 



(9.26) 



i=f 

Note that the CP-even contribution from the interference of the s-channel Higgs graphs Fig. 65(f)- 
65(h) with the Born amplitude of Fig. |6^(a), which is explicitly included in Eq. |9.26| , can become 
important and was taken into account in |231| ] because of the non-negligible width of the Higgs. 
Also, the CP-odd interference in Eq. 9.25 will give rise to the simple form of da°'^ in Eq. 



Again, to efficiently trace the CP-odd spin correlations in Eq. |9.3| , one defines a tt decay 
scenario where the t decays leptonically and the i decays hadronically and vice versa. As in 
Eqs. |6.79| and 6.80 in section 6.2.3, we denote by A the decay sample in the case that the top 
decays leptonically and the anti-top decays hadronically, and by A the charged conjugate decay 



sample [175, 231[. 

With these decay scenarios one can evaluate a few CP-odd asymmetries of both the T/v- 
odd and T/v-even type which may acquire a non-vanishing value only if J_ 7^ and 5+ 7^ 0, 
respectively (see Eq. ^). To do so, let us define for sample A, i.e., t — > W^b —>■ H.'^vib and 
i W~b — > qq'b, the following operators 



O3 



(q^- 



(Iw-) ■ Pi 



(9.27) 
(9.28) 
(9.29) 



where the asterisk denotes the t{i) rest frame. The corresponding ones for the sample A are 



01 = (q^- X q^+) • Pi 

02 = Eg- , 

03 = • Pt ■ 



(9.30) 
(9.31) 
(9.32) 
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Thus, the CP-odd asymmetries are constructed as [ 175 



231| 



Tn - odd : ai =< d > + < d > , (9.33) 
Tn - even : 02,3 =< ©2,3 > - < ^2,3 > ■ (9.34) 
To calculate the above asymmetries one has to fold in the distribution functions of the backscat- 



tered laser photons (for more details see [175, 231 [). Also, one has to choose a definite scheme 
for the type II 2HDM couplings and of a neutral Higgs particles to a pair of tt in Eq. 3.70| . 



Recall that the scalar and pseudoscalar h\ couplings are functions of the neutral Higgs mixing 



matrix Rji in Eq. 3.72 and of the ratio between the two VEV's tan/3 (see section 3.2.3). In 



particular, as in [175, 231 [, assuming that the other two neutral Higgs of the model are much 
heavier than h such that their mass lies above the 77 cm. energy, their contribution is neglected. 
Also, the mass of the charged Higgs-boson was taken as nijji = 500 GeV and Rji = \/V2> for 
j = 1,2,3 was assumed (see Eq. 3.73| ). 



Let us present a sample of the results that were obtained in [ 175 , 231 ] . The T/v-odd asymmetry, 
i.e., the signal to noise ratio ai/Aoi, is shown in Fig. ^ and the T/v-even asymmetry ratio 
a3/Aa3 is depicted in Fig. |6^. The asymmetries are plotted for various values of tan/3. In 
Fig. ^tan/3 = 0.5 (dashed line) and tan/3 = 1 (solid line) were used, while in Fig. 37 tan/3 = 0.3 
(dashed line) and tan fi = 0.627 (solid line) were chosen. In those figures an e^e~ collider energy 
of y/s = 500 GeV was taken, and the asymmetries were plotted for the above values of the 2HDM 
free parameters and as a function of the lightest Higgs mass. 

We see from Figs. |6^ and 67 that both the CP-odd T/v-odd asymmetry, ai, and the CP- 
odd T/v-even asymmetry, 03, peak twice. First when the mass of the Higgs is close to the ti 
threshold and then when it is close to the maximal 77 energy. With rrih ~ 350 or 400 GeV 
these asymmetries can reach above 10%. In particular, 03 would lead to a somewhat higher 
CP-violating signal and we see from Fig. ^ that, for tan/3 = 0.3, [a3[/Aa3 is above the 10% 
level in almost the entire mass range 100 GeV < rrih < 500 GeV, and peaks around mh ~ 2mj at 
50%. Recall that the statistical significance N'^j^ of the CP-violating signal that can be measured 
with a CP-odd asymmetry ai is given by 



n: 



SD 



Aai 



cxp 1 



(9.35) 



where A^exp = Rj^^j^x Cao is the number of expected events, with ^4 the branching ratios for the 
decay scenarios A, A, respectively, and assuming a reconstruction efficiency of 1. Furthermore, 
C is the collider integrated luminosity and ctq is the cross-section which, in the leading order, is 
calculated from da^'"'^'^ in Eq. |9.26| . With C = 0(10^) fb^^ the expected number of 77 — > ti events 
is of the order of few x 10^ for collider cm. energies of 500 — 700 GeV. Thus, for example, if we 
take R_A,A ~ 4/27 such that only leptonic top decays into electrons and muons are considered, 
then an asymmetry larger than 10% will correspond to a signal-to-noise ratio above the 3-(j level 

As previously discussed, if the polarization of the backscattered photons is adjustable then 
CP asymmetries involving these polarizations can be constructed and they, in turn, can serve 
as an efficient tool for investigating the CP properties of the neutral Higgs-boson. Three such 



polarization asymmetries were suggested in [232 



\M 



++I 



\M- 



\M++\^ + \M—\^ ' 
2 3m {M*__M++) 
\M++\^ + \M^-\^ ' 
2^e {M*_.M++) 
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(9.36) 
(9.37) 
(9.38) 



In the helicity basis, one can choose the polarization of 71 (moving in the +z direction) as: = 
=p2~^/2(0, l,±i,0), and that of 72 (moving in the -z direction) as: = =f2~^''^(0, -1, ±i, 0). 
To understand how the above polarization asymmetries (Pi, 2, 3) trace the CP properties of the 
neutral Higgs, note that a CP-even (CP-odd) scalar couples to two photons via F^^F^'^ {F^^F^'^) 
(see [p32(] and references therein). Therefore, as implied from Eq. p.l2 , in the cm. of the two 



photons this will yield a coupling proportional to ei • €2 ((ei x £2)^) for a CP-even (CP-odd) 
neutral Higgs to a 7172 pair. 

For the above convention of the polarizations one finds 

ei ■ €2 = -^(1 + A1A2) , (el X ei), = ^Ai(l + A1A2) , (9.39) 
where Ai, A2 = ±1 are the helicities of 71, 72, respectively. Now, for a mixed CP state, the general 



amplitude to couple to 7172 will have both the CP-even and the CP-odd pieces in Eq. 9.12 and 
it can be written as 



M = Seven^l ■ e*2 + ^oddi^ X £2) 



(9.40) 



where 5even{5odd) is the CP-even (CP-odd) coupling strength of the neutral Higgs to the two 
photons. Using Eq. 9.3£ , the squares of the helicity amplitudes which appear in "Pi, 2,3 can be 
readily calculated |232]: 



\M++\^ + \M—\^ 
2 3?e {M*__M++) 

\M++\''-\M^A 
2 3m {M*__M+- 



-'even \ \ ^odd 



2 ( I (^eiien I | ^odd I ) j 
= -4:Qm{5evenS*odd) > 
I = -4:^e{6evenS*dd) , 



(9.41) 

(9.42) 
(9.43) 
(9.44) 



where Seven and 5odd are given in |232| ] for a 2HDM with scalar and pseudoscalar couplings of a 
neutral Higgs to a pair of fermions. It is then evident that Vi,V2 7^ and {V^l < 1 only if both 
Seven, ^odd / 0. That is, Only if both the CP-even and the CP-odd couplings are present. 
Using Eq. |9.11 , for the Higgs-boson production of our interest, one gets [232|: 



dN 



+ \M — \ 



(1+ < >) + (< ^ > + < >)Pi 

+ « > + < »V2 



+« > 



(9.45) 



where dV is the appropriate element of the final state phase space including the initial state 
flux factor. Note that the properties of dC^^ and of the various ^'s (appearing in Eq. p.45| ) as 



a function of the cm. energy of the two photons are very important for this discussion as they 
depend strongly on the polarization of the incoming electrons and associated photons. Instead of 
presenting a detailed analysis of those parameters and the numerical results, we refer the reader 
to 1 232 1 . We will only give their summary for a general 2HDM in which the CP properties of 
a single neutral Higgs have to be determined. In particular, it was found in |232|] that out of 



the three polarization asymmetries defined in Eqs. 9.36| - 9.38, Vi provides the best statistical 
significance for the task at hand. A non-zero value for Vi requires that the /177 coupling has 
an imaginary part, as well as both CP-even and CP-odd contributions. For a mixed CP Higgs- 
boson with rrih < 2niw, a measurement of Vi will be easiest if tan /? is large since the 6-quark 
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loop, which makes the only large contribution to the imaginary part for such nih values, will be 
enhanced. For m/j > 2mw, the required imaginary part is dominated by the VF-boson loop (or 
t-quark loop if nih is also > 2mt); large tan/3 makes detection more difficult since the dominant 
CP-odd contribution originates from the t-quark loop, which will be suppressed. 

To summarize, the production of a neutral Higgs-boson by fusion of backscattered laser beams 
can provide a systematic analysis of the CP properties of the Higgs particle. In particular, 
77 — > /i ^ it would be a promising channel for exploring CP-violating effects that can arise from 
an extended Higgs sector, as for quite a large range of the 2HDM parameter space this reaction 
can exhibit statistically significant CP-nonconserving signals in a high energy 77 collider running 
at cm. energy of ^/s ~ 500 GeV. Moreover, if the polarizations of the incoming photons are 
controlled, then detailed information on both the scalar and the pseudoscalar couplings of the 
neutral Higgs to a pair of fermions may be extracted by considering polarization asymmetries 
of the two colliding photons. If the neutral Higgs is a pure CP eigenstate, the polarization 
asymmetries Vi and V2 in Eqs. 9.3(: and 9.37 will vanish, while, in Eq. 9.3g , "Ps = 1 (—1) for a 
CP-even (odd) neutral Higgs. Therefore, a non- vanishing value for Vi and V2 and V3 < 1 will 
imply the existence of an extended Higgs sector beyond the SM and of CP violation in the scalar 
potential. 
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Figure 65: Feynman diagrams for 77 tt. In (a) the Born diagram is shown (see also Fig. 65), 
and in (h)-(h) the complete set of 1-loop diagrams that can violate CP are depicted. Diagrams 
with crossed lines are not shown. 
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Figure 66: The ratio ai/Aoi as a function of the lightest Higgs-boson mass, m^, at ^/s =0.5 
TeV. The dashed line corresponds to tanj3 =0.5 and the solid line to tanP =1; mt =175 GeV. 
Figure taken from ; 231 j. 
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Figure 67: The ratio a^/Aa^ as a function of the lightest Higgs-boson mass, m^, at -y/i =0.5 
TeV. The dashed line corresponds to tan (3 =0.3 and the solid line to tan 13 =0.627; mt =180 
Ge V. Figure taken from ; 17t J. 
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10 CP violation in fi^fi collider experiments 



The idea to build a high energy colhder is more than 25 years old [235]. It has recently 

gained interest in part due to the interesting possibility of using it as an "s-channel Higgs factory" . 
Of course, it may also be suitable for tackling some other physics issues, e.g., SUSY. For recent 
reviews see [ ^36[| . The cm. energies considered range from 100 GeV to 4 TeV or even more, 
with luminosity comparable or higher than in linear e^e~ colliders. The subject is still in its 
infancy compared with the more established technologies of linear e'^e~ colliders, and of hadronic 
colliders such as the Tevatron or the LHC. 



10.1 tt 

If there exists a Higgs-boson with mass of a few hundred GeV, a muon collider running at the 
Higgs resonance can provide the fascinating and unique possibility of an in-depth study of the 
Higgs particle in the s-channel. In particular, the CP-violating properties of its coupling to ti 
may be studied via the reaction 



^n^tt , (10.1) 

where we have generically denoted the neutral Higgs resonance under study by TC. 

It is perhaps surprising that Higgs-bosons can be produced at an appreciable rate at a muon 
collider. Indeed, the Tifi^ coupling is very small since it is proportional to the mass of the muon, 
m^. On the other hand, if the cm. energy of the accelerator can be tuned to be at s = rn'^, then 
the cross-section receives appreciable enhancement due to the resonant production of the Higgs. 
To see how this works, consider a collider tuned precisely at the Higgs resonance, s = m^, then 
the cross-section cr-^ = a{fi~^fi~ — > 7i) for neutral Higgs-boson production is given by 

an = —B^ , (10.2) 

where B^ is the branching ratio of W ^ fJ-^l^ - It is useful to compare this with the point 
cross-section 



ctq = (j{fj.+fi- ^ 7* ^ e+e") . (10.3) 

Thus 

RiH) = ^ = ^B^ , (10.4) 

where a is the fine-structure constant. Therefore, a-^ and R{7i) are enhanced if the neutral Higgs 
has a narrow width, i.e., a relatively large B^ = T(7i /T-n- 

One simple way to study CP violation at a muon collider is via the decays 7i — > ti. CP- 
violating correlations can be studied in the decays of the produced ti pair. Again, this is possible 
due to the fact that the weak decays of the top quark are very effective in analyzing the top spin 
(see section ^ ). 

10.1.1 A general model for the Higgs couplings 

To keep the discussion completely general we will assume that a single neutral Higgs-boson, Ti, 
is under study although the underlying model may contain several Higgs doublets. In practice, 
of course, the muon collider will only be tuned to one Higgs resonance at a time. 

In section |3.2.3 we have written an example of a useful parameterization for the 'Hff (/ =fermion) 



interaction (see Eq. |3.70| ), taking into account possible CP violation in this vertex due to an ex- 
tended Higgs sector. It is, however, also instructive to introduce a different notation - somewhat 
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more compact - which is useful for the investigation at hand. Let us therefore parameterize the 
couphng of TL to fermions with the Feynman rule 1 237 ] : 



Cnff = iC^ffXfe'^'''^ , (10.5) 

where C^ff = — (5'w/2)(?7ij/mi4/) is the coupling in the SM and Xf for each fermion / (e.g. / = / 
(i.e. a charged lepton), n, d) is a real constant which gives the magnitude of the coupling in 
relation to the standard model. The CP nature of the coupling is determined by the value of A/ . 
In particular, Xj which is not a multiple of 7r/2 is indicative of CP violation since the coupling 
will then contain both scalar and pseudoscalar components .P^ CP violation is thus essential in 
any scalar coupling which is not either pure scalar or pseudoscalar and so learning about A is 
equivalent to investigating CP violation in — > //. 

Moreover, in models with an extended Higgs sector the coupling of 7i to the boson sector of 
the theory may be characterized as either scalar, H, or pseudoscalar, A. IfTC = A then it cannot 
couple to gauge-bosons while if TC = H we can parameterize its coupling to two vector-bosons as 

Cnvv = Cycosa , (10.6) 



where, again, Cy is the coupling in the SM, V = Z oi W, given by (see also Eq. 3.71) 



Cw = mwgw , Cz = nizgw/cosOw 



(10.7) 



and a is the angle between the observed Higgs-boson TC and the orientation of the vacuum in the 
Higgs space. 

The mass eigenstate could also be a mixture of H and A which again would violate CP. This 
aspect of CP violation in the Higgs sector can lead to enhanced CP violation if the two masses 



are close together as discussed in section 10.1.3. Such mixing could also lead to a CP-violating 



coupling to fermions (Eq. |10.5 ) whose implications will be discussed in the following pages. 

In the following sections we will consider a number of methods to investigate CP-violating 
couplings of the s-channel neutral Higgs-boson to top quarks at a muon collider. We first consider 
the reaction fJ-~^fJ,~ tt. Note that in this reaction both initial and final states are CP eigenstates. 
Furthermore, there is no CP-odd observable that one can construct out of the total cross-section 
(such as a partial rate asymmetry); if one considers angular distributions of the final t-quark, 
such distributions depend only on the angle 9^t, i-e., the angle between the ^~ and the t-quark 
momenta in the cm. frame. Since cos 9^t is a C-even P-even quantity we clearly need more 
information if we are to observe CP violation. Indeed, if the dominant amplitude is mediated by 
scalar exchange the angular distribution will be isotropic in any case. 

To construct CP-violating observables we therefore need information about the polarization 
of the fermions: either the final state tt or the initial state /x"*"/!". In section 10.1.2| we consider 
the use of correlations in the top polarization in Ti. ^ tt to measure the CP-violating 

parameter of Titt coupling, i.e., sin2Aj, where Af is the angle in Eq. 10.5 . 



In section 10.1.3| we consider measurement of CP violation in the same reaction (/x"* 



7^" 



TL ^ tt) except this time the asymmetry we construct is based on polarized muons. Clearly, to 
perform such experiments it is necessary to have a muon collider capable of producing muons 
with a significant polarization. 

Finally in section 10.2| we consider the possibility of flavor changing neutral Higgs couplings 



which could give rise to CP violation in the reaction ^ 



tc versus /i^/x 



tc. Large 



couplings of this sort may be expected in 2HDM of type HI which is described in some detail 



in section 3.2.2. Here again the use of top and/or muon polarization is essential to obtain CP- 
violating signals. 

Xf 7^ n/2 corresponds to having 



We note that in the language of the interaction Lagrangian in Eq. 3.70 



, 7^ 0, where af{bf) is the scalar(pseudoscalar) Ti couphng to a tt pair. 
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10.1.2 Decay correlation asymmetry 



Let us now consider tlie case of a muon collider where unpolarized muons produce tt through 



li'^li Ti. ^ tt. Thus, in order to learn about the coupling in Eq. |10.5| , we can observe the 
polarization of the top quarks through their decays [237], which is discussed extensively in section 

Here we will just consider the determination of top polarization by its correlation with the 
momentum of a particle in various decay modes. Thus, if X is a decay product of a top decay, 
we define the "analyzing power" : 

e^ = 3(cos^x), (10.8) 

where 9x is the angle between px and the spin of the top in the top rest frame. 

Let us now extend this idea to study the correlations of the polarizations of the top quarks 
where the polarizations are indicated by the momenta of specific decay particles. As discussed 
in section |2.8| , for the case of a single polarized top, some further optimization may follow from 
going beyond this which we do not consider here. 



Following [237], we work in the rest frame of the Higgs-boson with the t momentum along 
the z axis. Let each of the t-quarks undergo a decay which can analyze the top polarization. 
Let Xi and xj be the outgoing particles which we wish to correlate with the t and t polarization 
respectively; for instance, the lepton or W^. Also let Ui and i/j denote the rest of the decay 
products. Thus the two decays are t — > xfi/i and t — > Xjyj. We can then define the azimuthal 
angle between px^ and px. projected on to the x, y plane as: 



Px, X px^ 1 • Pt 



\Pxi\\A,, 

The azimuthal differential distribution of t and t events is then given by 



(10.9) 



Y^^.. = ^ ~ 16 ^'^^ ^ 16 '^"^ ^^'^ ■ (10.10) 



The coupling At is defined in Eq. 10. 5| for f = t and e*, e* are the analyzing power of the decays 



(defined by Eq. |10.8| ). Also, ptj^t are phase space factors which approach 1 as m-^ » 2mt. 
They are given by 

l-A2-(l + /3|)cos2Af 
^* cos 2At[l + /32- (1-/32) cos 2Ai] ' ^ ' 

1 - (1 - l3f)cos^ At 



where f3t = — 4:mf /m^ . 

We may now define the following CP-violating, T/v-odd, P-odd, azimuthal asymmetry by 

At ^ r(sin(/.^j > 0) - T{sm<t)ij < 0) nmsi 

r(sin(/)ij- > 0) + r(sin0ij < 0) ■ ^ ' 

From the distribution above, the value for this observable will be 

A\j = ^e\e]r,tsin2\t . (10.14) 

For each pair i, j of top decays that can be used to analyze the polarization of the t and t, 
one will obtain an experimental value of A'j^j from which one can infer the value of the quantity 
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sin2A(. Clearly we would like to combine the information from all of the modes together in 
order to obtain better statistical significance for the determination of sin2At. To combine the 
asymmetries from different pairs of modes in an optimal fashion we form a weighted average 
of the asymmetries defined by a set of weights Wij with the normalization defined by: 

Y,WijBiBj=Y,B,Bj , (10.15) 

where the summation is over the modes under observation and Bi is the branching ratio of mode 
i. 

The total weighted asymmetry is thus defined as 

A' = Y,w^jA%BiBj , (10.16) 

which is maximized by taking Wij oc A\j |l^. With these weights, then, the maximal asymmetry 
is 

= ^(e*)Ntsin2At , (10.17) 

o 

where 

1/2 



Now, for the top quark, the branching ratio into electron or muon, B^, = ^ | and the analyzing 
power is 4 ~ ~ 1' 1^°^ decays (of W) into hadrons (i.e., jets), B^ = with = .39. The 
decays into r have, B^ = i and the analyzing power is taken to be the same as into the jet 



modes, = .39. Using these we can then deduce, via Eq. 10. IS 



e* ~ .58 . (10.19) 

In order to quantify how well such experiments might detect CP violation, let us define y^'^'^'* 
to be the number of years needed to accumulate a 3o" signal for the CP asymmetry, Aj, in the 
final state j. Then 



where £, is the integrated luminosity per year, ctq is the cross-section for n~^fJ,~ ^ 7* ^ e~^e~ 
and for a final state X, Rx = a{^~^^~ X)/aQ. In the above ii^ is Rj from SM processes only, 
which needs to be included as it contributes to the background. 

Note that the interference between the SM and the Higgs exchange will be negligible; from 
helicity considerations, such an interference term will be suppressed by m^/m-yi. The SM does 



however contribute as a background, hence the term i?^ in the numerator of Eq. 10.20. We must 



also consider the effect of all of the other decay modes of the Higgs taken together since R-h is 
proportional to B^ and hence inversely proportional to the total width (see Eq. 10. 2| ). To get an 



idea of how large the CP-violating effects can be, we consider y'^j'"^ as a function of m-?^ = y/s in 



fig. in a number of different scenarios: 

1. 7i = H with = 1 and Aj = 45° for all fermions and a = 45°. 

2. 7i = A with x/ = 1 and A/ = 45° for all fermions. 

3. 7i = A with Xl = Xd = 5 and Xu = 1/5, Aj = 45° for all fermions. 
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Figure 68: The values of y^^'^'' (i.e., the number of years required for a 3a effect) for the three 
scenarios discussed in the text obtained in 1^3 Ij] . The solid line is yjj '^^ for scenario (1) using top 

polarization correlation. The upper dash-dot line is y^^'^^ for scenario (2) using top polarization 
correlation while the lower dash-dot line (also in scenario (2))is for the case where the initial 
muon beams have a longitudinal polarization P = 0.9. The short dashed line is y^j} obtained in 
scenario (2) using transverse polarization of the initial muon beams. The long dash line is y§'^^ 
for scenario (3) using top polarization correlation. Here we take C = 10 
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cm 



We assume that Xu = Xc = Xt and Xd = Xs = Xb- The significance of W = if or ^, as discussed 
above, is that only ii H = H does H WW, ZZ contribute to the total width. Thus, in 
particular, the value of a is not relevant to cases (2) and (3), since ifTC = A, then no boson pairs 
are produced by the resonance at tree-level. 

In Fig. ^ which shows the results from |237] we take a nominal luminosity of 10 



■^4 —2 —1 

cm s 

and a year of 10 sec. (i.e., with running efficiency of 1/3). The solid line gives the result in 
the case of scenario (1) while the upper dot-dash line is scenario (2). In both of these cases, y^f 
starts at about 5 years near threshold and increases thereafter. The result for scenario (3) is 
shown with the long dashed line and is considerably smaller, .01 — .1 years, due to the narrow 
width of the neutral Higgs 7i in this case. 

One can enhance the signal with respect to the SM through the use of longitudinally polarized 
beams. If both of the /x"*" and /x~ beams are left polarized with polarization P, then the Higgs 
production is multiplied by (1 -|- P^) thus enhanced while the SM backgrounds are multiplied 
by (1 — P^) and thus reduced. More generally if the has polarization P^ and the /i~ beam 
has polarization P~ then the Higgs cross-section gets multiplied by (1 -|- P^P^) while the SM 
background gets multiplied by (1 — P~^P~). In the lower dash-dot curve of fig. ^ we consider 
the results for scenario (2) where we have taken P = 0.9 which gives a reduction of nearly an 
order of magnitude. 
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10.1.3 Production asymmetry in /U^/Li tt via polarized muons 

As discussed above, some knowledge about fermion polarization is required if information about 
CP violation in fi'^n~ ti is to be obtained. Above we considered the case where we used the 
polarization of the top quarks to learn about sin 2At. Here we consider the case where the muons 
are polarized. 

The initial production of muons results in a substantial longitudinal polarization since the 
weak decay n ^ iiv produces predominantly left handed fj,~ (and right handed If one 

constructed a single pass colliding beam machine, it should not be too difficult to preserve this 
polarization. On the other hand, in the case of muon storage rings the polarization would have 
to be manipulated in some way since a longitudinally polarized beam will precess at a rate 
proportional to g — 2. In a recent paper Grz§,dkowski et al [ p38| discuss the details of how 
the polarization of muons in a storage ring may be used to make measurements on the Higgs 
resonance of the type considered in the following sections. Here we will assume that it is possible 
to prepare muons in a given initial state of transverse or longitudinal polarization. 

Let us first consider an experiment where the muon beams are polarized transversely to the 
beam axis. The cross-section is then measured as a function of the angle between the polariza- 
tions. We can take the z-axis in the cm. frame to be in the direction of the fi" beam and the 
X-axis to be its polarization while the /U"^ beam is polarized at an angle of </>^ to the x-axis, that 
is in the direction (cos (/)^, sin (/)^, 0). 

If the fi^ beams have polarization P± then the cross-section (e.g., for /x^/i^ tt) as a function 



of (hn is 12371: 



cj(</>^) = (1 - P+P- cos2A^cos(/>^ + sin2A^sin(/.^)f7o , (10.21) 

where fio is the corresponding unpolarized cross-section. We could therefore look for the presence 
of CP violation by comparing a{(j)^ = +90°) with a{4)^ = —90°). Thus, we define the CP-odd 
(C-even and P-odd), T^r-odd asymmetry 



^ = :T o TT o = P^P- - . (10.22) 



o-(+90°) - o-(-90°) 
cj(+90°) +o-(-90°) 

Clearly if appreciable polarizations are available and sin 2A^ w 1 these effects are dramatic. 

In this experiment, we are simply observing a change in Higgs production as a function of (j)^, 
so in the approximation that the Higgs resonance is dominant, it would not matter in fact what 
the final state is. 

In practice, the SM effects will also produce the same final states. Again using this asymmetry 
we can quantify the amount of run time required to see a signal through Eq. 10.20| . In fig. ^ 



we show with the short dashed line the value from [^37[| of yl'^i , which is the number of years 
required to obtain a 3<t signal using the initial polarizations for this asymmetry in scenario 2 
taking P+ = P_ = 1. 

It is also useful in some cases to consider asymmetries which make use of longitudinally 
polarized muons in the initial state. Such an asymmetry which is T/v-even, C-even and P-odd 



was considered in 239 |: 



AcP = ^^^^^^ ^ - ^^^^^^ ^ . (10.23) 
o-(/^LAtL -^tt)+ aifij^fiji tt) 

This asymmetry in the pair production cross-section clearly requires longitudinally polarized 
muon beams. In principle, a similar asymmetry is possible for other fermions as well. Since this 
asymmetry is T/v-even, some absorptive phase is required. If the collider is running near the 
Higgs resonance, this will be naturally provided by the complex phase in the Higgs propagator. 
Thus, a mechanism for generating this asymmetry is the CP violation originating from the mixing 
between H and Z and/or between the scalar (H) and pseudoscalar (A) Higgs that can occur in 
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extended models. In particular, the CP invariance of the Higgs sector may be broken by the 
presence of heavy Majorana fermions. Such a scenario can occur in the minimal SUSY model, in 
which heavy neutralinos are Majorana fermions. E6 inspired theoretical scenarios offer another 
possibility for heavy Majorana neutrinos at the TeV mass scale. 

The most interesting situation occurs when a CP-even H mixes with a CP-odd Higgs scalar, 
A, and, as is natural in SUSY models, for >> M|, the two states are roughly degenerate, 
Mh — Ma- In particular, if Ma,h > 2M^ the broadening of the H due to the two vector decay 



channel can allow significant mixing between the two states. Consequently, Pilaftsis |239| finds 



^CP ~ 9^0 , r^. ^AA. O ..o . r^. ^ ^ . O ^^o (10-24) 



)2 + [9mn^^(m2^)]2 + ['^mU^^irnDf 



where II*-^ are coupled channel propagators derived in that paper. Note, in particular, the pro- 
portionality to the imaginary parts as expected since the asymmetry is CFTj^-even. 

Fig. ^ shows the results from [p39(| in a model where 11^"^ is generated by heavy Majorana 
neutrinos with masses M^v = 0.5, 1.0 and 1.5 TeV. It is assumed that ^/s = mn- Two scenarios 
for the masses and couplings of the Higgs-bosons are considered: 

a) Ma = 170 GeV and cos^ a = l, Xd = 2 = l/xu and the asymmetry is observed with a bb 
final state. 

b) Ma = 400 GeV and cos^ a = 0.1, Xd = '2 = 1/Xu and the asymmetry is observed with a tt 
final state. 

The cross-section is shown with solid curves while the asymmetry is shown with dotted curves. 
Scenario (a) is shown with the curves in the region around ^/s = 170 GeV where the final state 
is bb while scenario (b) corresponds to the curves in the region ^/s = 400 GeV, with a tt final 
state. The enhancement of the asymmetry from the imaginary part of the scalar propagators is 
apparent in the case where the A and H masses are close together, within about 10% of each 
other. 
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Figure 69: This figure shows the cross-section (solid curves) and Acp in Eq. 10.24 (dotted 
curves) as a function of y/s = tuh in a model with A — H mixing induced by heavy Majorana 
neutrinos with masses = -5, 1.0, and 1.5 TeV and with Xd = = 1/Xw The two curves at 
the left are for case (a) where Ma = 170 GeV and Acp is observed in the bb channel (see text). 
The curves at the right are for case (b) where Ma = 400 GeV and Aqp is observed in the tt 
channel (see text). Note that in both cases the curves are shown in the vicinity of Ma ~ Mh 
where the mixing effects are likely to be most prominent. Figure taken from j^3W. 
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(a) 



(b) 




Figure 70: (a) Feynman diagram for /U^/i^ tc through s-channel neutral Higgs exchange, (h) 
Feynman diagram for tc through virtual Z and 7 exchanges, where the circle indicates 

a vertex correction, (c) An example of a vertex correction contributing to /x^/i^ — > tc, where 
is a neutral Higgs with flavor changing interactions to fermions and is a charged Higgs. 

10.2 CP violation in the flavor changing reaction tc 

As mentioned before, one of the unique properties of a muon collider is that, under favorable 
conditions, it may produce neutral Higgs states in the s-channel. If the Higgs sector contains 
two or more doublets, then the Higgs couplings may be FC (Flavor Changing) |240| ] (see 
also section 3.2.2| ). This can lead to a dramatic tree- level signature of tc (or ct) due 



to the neutral Higgs resonance |241]. At the same time FC processes do occur at the loop level 



in the SM and in practically all of its extensions, even if they are forbidden at the tree-level. 
Thus a continuum of FCNC reactions of the form — > Z*, 7* — > tc, tc are expected. Indeed 
such couplings with CP-violating phases may also naturally arise in R-parity violating SUSY 



models [242]. Of course such processes are GIM suppressed in the SM but for the purpose of 



this discussion we are assuming that there is a FC Higgs sector as in section p. 2. 2 , thus for the 



reactions Z*,7* — > tc, tc, rates appreciably larger than the SM may be expected fSj, |243| . Since 
many such extensions of the SM contain a large number of unconstrained Yukawa couplings, 
they will, in general, also contain CP-violating phases. Therefore the interference between the 
resonant and the continuum processes can lead to CP-odd observables; it is this possibility which 
we wish to study in this section. 

Consider now the two processes shown in Fig. |7^(a) and |7^(b). Since the Higgs flips the 
helicity of the /u while the Z does not, for unpolarized or longitudinally polarized beams the 
interference will be proportional to the mass of the muon and consequently exceedingly small 
and uninteresting. Such a suppression will not occur if the beams are transversely polarized 



whence a large interference signal may be produced, especially if the resonant (Fig. ^(a)) and 
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the continuum (Fig. ^(b)) processes are of similar strength. 

Bearing all this in mind we will thus proceed as follows: first we will consider the general case 
of the resonance production of tc interfering with the continuum and then we will consider, more 
specifically, what signals are produced in models similar to the ones discussed by |84]. 



The process which produces tc via s-channel Higgs exchange is controlled by the terms in the 



Lagrangian (for more details see section 3.2.2) 



Ch = [/if/'^/u + t(j)tcc + ■■■ + h.c.]H^ (10.25) 



where with the parameterization defined in Eq. 10.5 



= C^^X^e*^' " = «/. + . (10.26) 

Similarly, for (ptc we can write 



'Jtc 



ate + Ptc75 ■ (10.27) 



Note that unitarity implies that is real while is imaginary. 

CP violation will then occur if there exists another mechanism for producing tc which the 
Higgs may interfere with. Here we take this process to be — > 7* — > 4c and/or — > 
Z* — > tc with the amplitude 

Mz,^ = e'^Uz,^,{fljpVf,f-i)-{tYvtcc) , (10.28) 
where fl, ^, t and c above are Dirac spinors and 



H^ = 1 



= s \ {s - mz)s^ic^^ 
r?^ = ^^'^ + i?^'^75 , r/tc^^f,'^ + S|'^75 . (10.29) 



Here sw = sinOw, cw = cos 6w, where 6w is the weak mixing angle. A^''^, B^'"' are real and they, 
of course, occur in the tree-level SM Lagrangian. sff are form factors which are induced 

at the loop level. As mentioned previously, although small in the SM, they may be generated at 
reasonable levels in some extensions of the SM, for instance, in multi Higgs scenarios which give 



H° ^tc i240|,|24lll. 



Since we are interfering a vector continuum with a scalar resonance, this interference is natu- 
rally suppressed by m^. This suppression, however, does not apply if at least one of the beams is 
transversely polarized. To construct a quantity which is CP odd, we consider the case where the 
li~ beam is polarized in the +x direction and add it to the result where the fi~^ is also polarized 
in the +x direction. We will also consider the case where the continuum is dominated by the Z 
exchange. 

Combining the transversely polarized /i"*" and transversely polarized /u~ data as suggested 
above, we now consider some angular distributions of this combined data which have specific 
properties under CP and Tjy. Let us define the polar coordinates {6,(j)) of pc, in particular, cj) 
is the azimuthal separation between the beam polarization and pc- For each event of the form 
— > tc or ic, let us also define, Lt to be -|-1 for the tc final state and —1 for the tc final state. 
It is natural, therefore, to consider the following possible asymmetries 



Xi = ((t(cOS(/))) X2 = (LfO"(cOS (/))) 

X3 = ((T(sin(/))) X4 = {Lta {sin (p)) (10.30) 
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where a{x) = +1 if x > and — 1 if x < 0. 

These expectation values can be characterized in terms of their symmetry properties. Thus 
X2, Xi are CP-odd; X2 is T/v-even and X4 is T/v-odd. xi and x^ are CP-even; xi is T/v-even and 
X3 is r^r-odd, indicating that X2 and X3 require complex Feynman amplitudes, i.e., FSI phase(s). 
In the process at hand one source of this is the Higgs propagator (see Fig. 70(a)). In fact, since 
the Higgs is close to resonance, in the experiments being envisioned here, these (CPT/v-odd) 
observables (i.e., X2 and X3) are likely to be the most prominent of the observables since they are 
enhanced by the resonant phase of the Higgs propagator. 

In order to observe the signals suggested above one first requires a muon collider which is able 
to deliver beams with a large transverse polarization as well as an energy spread for the beam 
which is comparable to or smaller than the Higgs peak. 

Clearly, theories which produce detectable signals should, of course, have fairly large FC tc 
couplings. As a specific example let us consider 2HDM of types III |84, |240| ] , also discussed in 
section |3^ . In these scenarios a 2HDM is considered where the second doublet has arbitrary 
Yukawa couplings. The popular Cheng-Sher Ansatz |82|: 



bt,\^gW^^^^X ^ (10.31) 

mw 



for (j)tc in Eq. |10.25| is then imposed where A is a parameter that needs to be extracted from 
experiment. It is perhaps natural to expect A to be of 0(1). It is clear that the first obstacle to 
a large signal is having the Z*-exchange continuum in Fig. |70|(c), generated by loop corrections, 
to be sizable. 
Let us define 

Rh = o-(^+/i" ^ if° ^ tc, te)/cr(^+/i" ^ 7* ^ e+e") , (10.32) 
Rz = ai^-^fi' Z* ^ tc, tc)/aip^fM- ^ 7* ^ e+e") . (10.33) 

Clearly then, a necessary condition for there to be large 0(1) asymmetries is that Rh ~ Rz- 
For mf{0 ~ 150 — 350 GeV range, typically Rz ~ lO'^ - lO""^ |4|. Such a signal would have 
a marginal chance at a £ = 10'^^ cm~^s~^ luminosity machine. The Higgs signal in this case 
can also be of order Rh ~ 10"'^ — 10~^ in the scenario where the Higgs decay to two vector- 
bosons is allowed. In that case, Th ~ 0(1 GeV), so the spread in beam energy needed to be 
in the resonance region of the Higgs should be achievable at a muon collider. This could allow 
asymmetries of a few tens of percents provided that the CP-odd weak phase difference were large. 
Since Rh ~ Rz ~ 10~^, observing the asymmetry would still require a 1034 cm s collider. 
The situation, of course, would improve considerably if the continuum were larger; for example. 



this happens if A > 1 in Eq. 10.31 . Since the continuum scales as A^ the integrated luminosity 
required to observe these asymmetries scales as A"^. 
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11 Summary and outlook 



There are only two known systems which have been shown to violate the CP symmetry: the 
neutral kaon through the parameters e and e' and the entire universe through the dominance 
of matter over antimatter. It would be of great significance to understand the relation between 
these two effects or trace them to a common origin. Although experiments in the near term are 
likely to clarify the source of CP violation in the kaon system, the mechanisms of baryogenesis 
remain in the realm of theoretical speculation and may not be directly tested in the lab for some 
time. The top quark, however, offers a unique system where new CP-violating effects could be 
discovered which could, in time, shed light on the processes which were important in the early 
universe. 

The immediate source of CP violation in the kaon is thought to be the CKM phase in the SM. 
This will be tested in detail in the next few years through the study of the B meson. Ironically, 
although the exchange of virtual top quarks generates the large CP violation in the B and K 
mesons, the CKM phase will not produce any signal in top quark systems that is large enough 
to be of experimental interest. Instead, if a CP-violating signal is seen in the top quark, it must 
be due to some inherently large, non-standard, CP-odd phase which becomes manifest only at 
high energy scales. Since the effect of the CKM phase is also thought to be too weak to explain 
baryogenesis, the required phase for this process is likely to show up in top quark physics as well. 
Thus, the observation of CP violation in top quark reactions is an unambiguous signal of physics 
beyond the SM which may well shed light on baryogenesis. 

In this review, we have considered a number of laboratory tests of CP violation in the top 
quark in the context of various non-standard models for physics beyond the SM. In particular, 
we focus on two classes of models which are described in some detail in Chapter ^ 

1. Multi Higgs models containing at least two Higgs doublets with phases in the Yukawa 
couplings. Here CP violation manifests either in the neutral or in charged Higgs sectors. 

2. SUSY models wherein we consider in detail the MSSM with the Yukawa couplings given 
by = 1 minimal SUGRA models. One manifestation of SUSY CP violation is through 
mixing in the sfermion sector. 

We chose to focus on these models because they seem to be representative of models for 
physics beyond the SM which could give rise to CP violation and are most often considered in 
the literature. It is likely that the ability of a particular signal to detect CP violation in one of 
these models is a good indication of its general utility. 

In this review we highlight some notable CP-violating phenomena which follow from these 
models: 

• The transverse polarization of the r in t — > 6rz^ which follow from CP violation in the 
charged Higgs sector (see Chapter ^) 

• CP-violating correlations in e'^e~ — > tiH^, ttZ and e'^e~ — > tiv^Uf, at high energy e^e~ 
colliders generated by CP violation in the neutral Higgs sector. Since these effects arise 
through the interference of two tree-level graphs the resulting correlations can be very large 
indeed, (see Chapter 

• CP-violating correlations in hadronic top pair and single top production which can originate 
from by CP-odd phase(s) in the neutral Higgs sector or in the squark sector of SUSY models, 
(see Chapters |^ and |) 

• CP-violating top polarizations may arise in top production at muon and/or photon colliders. 
In particular at such colliders the neutral Higgs(es) can be produced in the s-channel, giving 
rise to a distinct resonant enhancement which in turn may magnify the CP-violating effect in 
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reactions such as ^^/x , ^ tt or even in the flavor changing channels fi'^fj, , 77 tc+tc. 
(Chapters ^ and 10) 



CP-violating moments of the top analogous to the electric dipole moment which may be 
observed at an NLC from top polarimetry in the reaction e~^e~ — > tt. Such moments can 
be generated in SUSY models as well as models with an extended neutral Higgs sector. 
(Chapters | and |lO|) 



• CP violation in the main top decay t — > bW. In this case a CP-odd phase in the stop sector 
of the MSSM can cause a partial rate asymmetry in t — > bW~^ at the level of a few x 0.1%. 
(Chapter 1) 

A common feature of both the SM and the models mentioned throughout this review is that 
CP violation is driven directly or indirectly by Yukawa couplings in the scalar sector of the 
theory. In the SM the CKM matrix which contains the CP-violating parameter results from the 
Higgs-fermion coupling while with multi Higgs models additional CP violation may result from 
the couplings between the various Higgs fields, either from explicit CP violation in the Higgs 
potential (e.g., Model II) and/or in the Yukawa interaction terms (Model HI), or CP can be 
violated spontaneously if there are more than two Higgs doublets. In SUSY models, phases may 
be associated with the scalar Lagrangian as well, for instance, from squarks and sleptons mixing. 
As in the SM, the amount of CP violation is proportional to the non-degeneracy of the mass 
spectrum. For instance, in MHDM's the non-degeneracy of the Higgs particles is required while 
in SUSY it is the non-degeneracy of squarks or sleptons of different helicities. 

It is important to emphasize that, in many ways, the phenomena of CP violation in top quark 
systems strongly relies on the large mass of the top which, therefore, becomes the key property 
of the top as far as CP violation is concerned: 

• The large mass of the top quark allows its polarization to be determined by its weak decays 
because, unlike the other 5 quark flavors, it decays before it hadronizes and so the informa- 
tion carried by its spin is not diluted. As discussed in Chapter |2|, this allows experiments 
to consider CP-odd observables involving polarization (i.e., top spin correlations) which is 
crucial since in many settings no CP-violating observables could be constructed without 
this information. For example, the CP-violating transverse top polarization asymmetry, 
suggested in Chapter ^, may be used to probe tree-level CP violation in pp tb which 
otherwise (i.e., without the use of top spins) cannot be observed. 

• In MHDM's, it is the enhancement in the Yukawa coupling of a neutral Higgs to the top 
quark that is responsible for the enhanced CP-violating effect. As discussed in Chapter ^, 
this clearly manifests in e.g., e^e~ — > tiZ, where the only CP-violating diagram present, 
i.e., the one with a virtual neutral Higgs exchange, is comparable in size to the CP-even 
SM diagrams that contribute to the same final state, due to the fact that the CP-odd, H^ti 
Yukawa coupling may be as large as the gauge coupling. 

• As mentioned above, in the CP-nonconserving effect associated with SUSY particles ex- 
changes, it is the large mass splitting between the two stop mass eigenstates of the theory 
that may be the cause for an enhanced CP-violating effect, again, due the corresponding 
large mass of their SM partner - the top quark. As discussed in Chapters and |8|, this is 
the case for example in pp — > tt and pp tb where the effect arises from CP- violating loop 
exchanges of stop particles. 

• Large mt enables the study of CP violation in cases where the CP-odd effect is driven by 
new thresholds (i.e., absorptive cuts across heavy particles of the underlying theory). As 
discussed in Chapter ^, this is the case in e.g., PRA in t ^ bW within super symmetry, 
where it is only viable if mt > + m^o - still allowed by present experimental data, 
basically, because of the heaviness of the top. 
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• The cases where the CP-odd effect is enhanced to the detectable level due only to an 
intermediate resonance are also a clear manifestation of the important role played by the 
large mt in CP violation studies. Such is the case in e.g., CP violation in the decay 
t — > brvr, as discussed in Chapter ^, where the intermediate M^-boson resonance provides 
the necessary enhancement, of course, since mt > mw- 

It is therefore evident that, due to its large mass, the top is very sensitive to new effects 
from possible new short distance theories. This sensitivity of the top quark to short distance 
effects from many models leads one to consider a more general approach for such studies. For 
instance, by parameterizing CP violation in a model independent way using CP-violating form 
factors. Such form factors which contain the information of the dynamics of some new physics 
scenarios at higher energy scales are expected to be more pronounced in top quark interactions. 
This technique is a useful prescription for extracting limits on various CP-violating couplings that 
may arise in new physics. Examples of such effective form factors are the top dipole moments 
and the CP-violating form factors in the top decays which were separately discussed in Chapters 
1^ and ^ respectively. 

In Chapter ^ we find that in models with extra Higgs doublets as well as in SUSY models, one 
can expect an EDM and ZEDM of the top on the order of ~ 10~^^ e-cm and, likewise, a CEDM 
of ~ 10"^^ 5s-cm. These values are many orders of magnitude larger than the SM prediction 
for these quantities. Thus, a discovery of such an effect in ti production in leptonic or hadronic 
colliders and perhaps also in photon and muon colliders, would be a clear signal of beyond the 
SM dynamics. In Chapter ^ we discuss the sensitivity of an e^e~ NLC collider to these EDM 
and ZEDM. We find that optimal observable techniques seem to indicate that high energy e^e~ 
colliders will be sensitive, at best, to a top dipole moment at the level of ~ 10"^'' — 10~^* e-cm, 
about one to two orders of magnitude larger than what is expected in the models mentioned 
above. 

In Chapter I we find that a similar statement is true at 77 colliders based on the backscattered 
laser light from an NLC. On the other hand, hadron colliders are expected to be more sensitive to 
the CEDM, in particular, in Chapter ^ we find that a CEDM at the level of 10"^^ - IQ-^o gs-cm 
might be observable at the LHC. Although this sensitivity of a NLC to the top electric dipole 
moment may seem a little discouraging, there is still very strong motivation to look for this effect; 
the observation of a top dipole moment with this magnitude (i.e., ~ 10~^^ e-cm), will clearly be 
a surprise, since such a large dipole moment cannot be accounted for in the popular models such 
as SUSY and MHDM's. 

Thus, in spite of the very large enhancements expected in such beyond the SM scenarios 
for the top dipole moments, it is evident that this type of signal is useful only if the dipole 
moments are on the very large side of the theoretical range. That being the case, one would like 
to search for other alternatives for the observation of CP violation in top quark systems. It may, 
for example, be more promising to look for specific signals of CP violation in the production or 
decay of top quarks which are not related to the dipole moments. 

In Chapter ^ we consider the CP-violating effects which might be present in the decay of top 
quarks. The simplest kind of signal is a PRA in the decay t — > bW (mentioned above) which 
in SUSY can have an asymmetry of ~ 10"'^ and thus may be detectable at the LHC. Another 
promising signal which is particularly applicable to 3HDM or other models with charged scalars 
is r polarization asymmetries in the decay t Tvb which arises from the interference of the W 
pole with the charged Higgs propagator and could result in asymmetries on the order of a few 
tens of percents. 

While CP-violating effects in the decay of top quarks may be searched for at any experiment 
where top quarks are produced, there are a broader range of signals where the CP violation 
occurs in the production of the top quark. In this case one must consider each kind of top quark 
production mechanism separately. CP violation in the production mechanism of the top was 
discussed in the context of an e'^e~ collider (in Chapter^), hadronic colliders (in Chapters |^ and 
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|8|), photon collider (in Chapter^ and muon collider (in Chapter p!o|). 

Each of these machines has its own characteristics and so special attention needs to be given in 
constructing appropriate CP-violating observables. For example, lepton and photon colliders have 
the advantage of their relative cleanliness as far as background is concerned; it should be easier to 
reconstruct the top quark in such colliders even when it decays via purely hadronic modes. On the 
other hand, it may be quite challenging for such colliders, e.g., the NLC, to posses the necessary 
luminosity for studying rare phenomena in top physics such as loop induced CP-violating effects. 
Hadron colliders such as the LHC may have an advantage in this context, since top quarks will 
be more readily produced there. However, the hadronic environment requires more effort in 
disentangling the CP-violating signal both from the experimental and the theoretical points of 
view. In addition for hadron colliders, it should be noted that one would prefer, in principle, to 
always use a pp collider (such as the Tevatron) for CP studies since then the initial state is a 
CP eigenstate. Unfortunately, the LHC which is expected to produce a very large number of top 
pairs is a pp collider. It turns out, however, that the initial state at the LHC may not effect the 
CP studies considered here greatly, primarily because the dominating ti production mechanism 
there is in fact a CP eigenstate, i.e., gluon-gluon fusion. 

Nonetheless, in such colliders it is important to use clean CP-violating observables that can 
reduce the backgrounds. One such useful observable for the LHC, that was suggested by Schmidt 
and Peskin was discussed in Chapter |^. Their CP-odd signal uses the difference between the 
energy of the positrons from t he'^Ve and electrons from t — > he~i>e in the overall rather com- 
plicated reaction, gg ^ tt ^ bW'^bW~ he'^vj)e~ D^. Unfortunately, the expected asymmetry 
is unlikely to be larger than a few times 10~^. However, Bernreuther, Brandenburg and Flesch 
have shown that a considerable improvement may be achieved in this reaction by employing clever 
cuts on the ti invariant mass. By doing that they were able to isolate the possible CP-violating 
contribution from an s-channel Higgs exchange in gg — > ti. Thus, in their analysis, asymmetries 
at the level of a few percent may arise leading to a CP-odd signal well above the 3 — 0" level in 
pp^ti+X at the LHC. 

Another useful CP-violating signal designed for the Tevatron setting was discussed in Chapter 
|8|. Specifically, it uses an apparent advantage of pp colliders: that there should be a high rate of 
virtual W production via ud annihilation. In this case a number of asymmetries involving the 
transverse and longitudinal components of the top spin may be constructed. In both MHDM's 
and SUSY models we find that asymmetries around 1% may thus occur in single top production 
at the Tevatron. 

Loop induced CP-violating effects such as that of Schmidt and Peskin as well as dipole 
moments tend to give asymmetries at the level of ~ 0.1 — 1%. Thus experimental detection of 
rare CP violation effects in top physics, both in hadronic and leptonic colliders, leads to at least 
two important challenges. 1) Can detector systematics be controlled to the point that a CP 
asymmetry of 0(0.1%) can be observed? 2) Can CP violation be studied with purely hadronic 
decay modes of the ti pair. That is, to what extent will the experimentalists be able to distinguish 
between the top and the anti-top via purely hadronic modes; if that can be done to a significant 
level, then the increased statistics will improve the prospects for the observability of such rare 
CP-odd signals. 

The small CP-asymmetries which arise from phenomena that occur at one-loop may make 
most of those signals too small to be of great use in putting bounds on models of new physics. 
On the other hand, signals which arise from the interference of tree graphs only are likely to give 
rise to larger asymmetries. In Chapter ^ we discuss some candidate signals of this type such as 
e'^e~ tiH^, tiZ, and tiugiPe. In addition, the decay discussed in Chapter t ^ bruT falls 
into this category. In these cases one finds that CP-asymmetries at the level of tens of percents 
are possible in models with CP-odd phase(s) in the Higgs sector. This makes that type of CP- 
violating mechanism quite robust, requiring about a few thousands ti events per year in order to 
be detected; such a number may well be within the reach of the future colliders presently under 
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consideration. 

The two other exotic technologies which may be used in the future in this context (i.e., tree- 
level CP violation) are 77 colliders and muon storage rings. In Chapter ^ we discuss reactions 
which can take place at a 77 collider constructed from an e~'"e^ NLC collider by backscattering 
laser light from the beams. As mentioned above, these machines can be used to produce ti 
pairs through an intermediate Higgs state and interfere it with the born cross-section for top 
pair production. In this case, observables constructed by considering the top polarization can 
give asymmetries of up to ~ 10% in 2IIDM. In Chapter ^ we further discuss experiments at 
muon colliders. Clearly any experiment which can be performed at an e~^e~ collider may also 
be performed at a muon collider. In addition, however, the larger mass of the muon allows 
us to contemplate the production of Higgs bosons in the s-channel. In such scenarios one can 
analyze the scalar versus pseudoscalar couplings of the Higgs to tt by studying the polarization 
correlations of the tops produced which, again, could give ~ 10% asymmetries. 

Now, since a large portion of the experimental effort in these future colliders will be devoted 
to the search of supersymmetry, it is particularly gratifying that for such studies of tree-level CP 
violation, supersymmetry may play an important role in our understanding of the underlying 
mechanism for CP violation. In particular, once SUSY is discovered and SUSY particles are 
readily produced in high energy collider experiments, the next step would clearly be to start 
scrutinizing the basic ingredients of the SUSY Lagrangian, e.g., its CP-violating sector. Indeed, 
due to the potential richness of CP-odd phases in SUSY theories, tree-level CP violation can easily 
occur in production and decay of SM+SUSY particles. A promising venue to investigate such 
tree-level SUSY CP violation may be to search for reactions involving associated top production in 
final states which contain additional SUSY particles and to probe the CP-violating effect through 
top polarimetry, i.e., bypassing the missing energy limitation (typical to SUSY signatures) by 
using the top spins. A simple example may be CP violation in e~^e~ t + X + missing energy 
vs. e'^e~ t + X + missing energy, where X is some non-SUSY hadronic final state. 

Another interesting related venue in the context of tree-level CP violation within SUSY models 
is to search for CP-odd signals in reactions where, although involving SUSY particles, only SM 
particles are produced in the final state. Indeed, if SUSY theories posses i?-parity violating 
interactions, CP may be violated at tree-level even in 2 ^ 2 processes in which the initial and 
final states consist of SM particles only. In particular, through SUSY scalar exchanges in which 
the CP-odd phases are carried by the i?-parity violating couplings in the interaction vertices of 
a pair of SM particles to squarks and/or sleptons. Again, such tree-level CP violation may be 
probed even in a 2 — > 2 process if one uses top spin asymmetries. Consider, for example, single 
top production at the Tevatron, pp ^ tb + tb. As was discussed in Chapter ^, a transverse top 
polarization asymmetry can probe potentially tree-level CP violation in this process. Indeed, 
since s-channel exchanges of charged sleptons can mediate pp ^ tb + ib in i?-parity violating 
SUSY, this transverse top polarization asymmetry can potentially lead to large tree-level SUSY 
CP-violating signal in this reaction. 

These types of tree-level CP violation in SUSY models were not discussed in this review or 
anywhere else in the literature to date and could be useful to examine in the future, especially 
once SUSY is directly observed. More generally, the subject of tree-level CP violation seems 
promising and requires additional effort from the theoretical point of view. 

In parting, the study of CP violation in top quark physics deserves to be one of the main 
issues on the agenda of the future high energy colliders. The expected high production rate 
of top quarks in these colliders turns these machines into practically top factories enabling the 
examination of what is presently considered rare phenomena in top physics. In particular, these 
colliders provide a unique opportunity for the study of CP violation - a phenomenon that till 
now seems to be essentially confined only to the kaon system - and its relation to top quark 
dynamics. The manifestation of CP violation in heavy particles systems in general and in the 
top quark system in particular, can shed light on new aspects of this phenomena due to the high 



236 



Table 16: The underlying source of CP-odd phase and the mechanism responsible for CP violation 
in the processes indicated. Note that: t QP means QP from — tji mixing, (JP means 
(JP from scalar - pseudo-scalar mixing in the H^tt vertex and H+ QP means a QP phase in 
the H^tb and/or H^tv^ vertices. See also Chapter |3|. 



process 


CP source 


mechanism 


t bW 


MSSM {i qp ) 


1-loop 






Vy "^-resonance 


t brVj- 


MHDM {H+ (JP ) 


in tree-level 
— H+ interference 




MSSM {i gP ) 




pp tb 


& 

MHDM (ijo QfP ) 


1-loop 




MSSM {t (JP ) 




pp — > tt 


& 

MHDM (JP ) 


top - CEDM (1-loop) 




MSSM {t(JP ) ^ 


1-loop 


pp — > tt 


k 






MHDM [H^ (JP ) =^ 


s-channel H &l 1-ioop 




iviooivi [i y/r J 




e+e" tt 


k 

MHDM (JP ) 


top - EDM,ZEDM (1-loop) 


e+e- ttH^, ttZ 


MHDM {H^ (JP ) 


tree-level interference 






s-channel 


e+e~ — > ttl'el'e 


MHDM (JP ) 


in 

tree-level interference 


fj,+ fj,^ tt 


MHDM {H^ (JP ) 


i^'^-resonance 


77 — > tt 


MHDM {H^^ (JP ) 


s-channel H^^ & 1-loop 



energy scales involved, possibly on new physics related to the dynamics of our universe in its very 
early stages. 

One, of course, should not forget the importance of the up coming CP measurements in the B 
system. On the other hand, it is also important to note that there is a very interesting interplay 
between CP violation in b physics and in t physics. In b physics, one expects large CP-violating 
signals due to the CKM phase alone. Therefore, non-observation of CP violation in B decays 
would, in fact, stand out as a signal of new physics. This is, of course, in complete contrast to the 
situation in the top system in which one does not expect any CP-odd signal with the CKM phase 
of the SM. Therefore, any signal of CP violation in top reactions will unambiguously prove the 
existence of new physics. Moreover, in order to disentangle effects of new physics in the B system, 
one will need precision measurements and cross-checking of the different available CP-violating 
B decay channels. In top systems the advantage is that no significant effort is needed in order 
to establish the existence of new physics phenomena in CP-odd top correlations - any measured 
CP-nonconserving effect in top systems will suffice. 

Finally, in Tables It and 17 we summarize the main features of some of the most interesting 
CP-violating signals that were discussed in this review. 



237 



Table 17: The asymmetries that can probe CP violation in the processes indicated and their 
expected size. Also indicated is the place in which each asymmetry was discussed in the review, 
i.e., its equation number. The size of the asymmetry given tends to be optimistic, i.e., on the 
large side of its theoretical range. 



process 


type of asymmetry 


size 


t bW 


PRA - ^3 (Eq. 53) 


0.1% 


t brvr 


r pol. - e.g., (transverse) A'^^ (Eq. |5.85|) 


10% 


pp — > tb 


cross-section - Aq (Eq. |8.19D 
top pol. - e.g., (transverse) A{y) (Eq. |8.2l|) 


1% 


pp tt 


lepton energy - e.g., (transverse) A-r (Eq. |8.7|) 


0.1% 


pp tt 


optimal observable - e.g., O' (Eq. |7.4D 
top pol. /lepton momenta - e.g., ANlr (Eq. |7.1?|) 
lepton energy - e.g., (transverse) AN{Et) (Eq. |7.21|) 


0.1 - 1% 


e+e" tt 


optimal observable - e.g.. Or (Eq. |6.8|) 
top pol. /lepton momenta - e.g., Tij (Eq. |6.24) 

angular distributions - e.g., A„rf(0) (Eq. |6.43D 
energy distributions - e.g., Au (Eq. |6.50|) 


0.1% 


e+e- ttH^, ttZ 


top momenta, optimal observable - O, Oopt (Eq. |6.69|) 


10% 


e^e~ tti^ei^e 


top pol./lepton momenta - e.g.. Ay (Eq. |6.114|) 


10% 


fj,'^fJ-~ — > tt 


top pol./lepton momenta - A'' (Eq. |10.13|) 
muon beam pol. - e.g., Afj_ (Eq. |10.22D 


10% 


77 tt 


top pol./lepton momenta - e.g., ai (Eq. p.SSp 
photon pol. - e.g., Vi (Eq. |9.36|) 


10% 
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Notes 

Note on literature survey 

The literature survey for this review was primarily completed in Dec. 1999. 
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Appendix A 



In this appendix we define the coefficients Cx, {x = 0, 11, 12, 21, 22, 23, 24, see below) correspond- 
ing to one-loop integrals with three internal propagators in the loop, i.e. "triangle-like" one loop 
diagrams. In the review they appear in section |4.3| (Eqs. 4.16 - 4.17 ), in section iA (Eqs. |4.35| 
and|435D, in section U (Eqs. |]|6[ |453|, |45|, and|463D, in section (Eqs. |3| - |1|), 
in section 18121] (Eqs. |]3| and |8^ ) and in section |8^ (Eqs. |8^ and |8l2D . 

These three-point loop from factors which are functions of masses and momenta are defined 
by the one-loop momentum integrals as follows [244|: 



Co; C^; C/,; Cf,u{ml,ml,ml,pj,pl,pl) 



d^k 1] kfj^] k'^k^] k^ky 



V1V2V3 



(A.l) 



where: 



Vi = 
V2 = 



ml 



k' 

{k+pif 



'Ds = ik-p3) 



ml , 



and X^iPi = 0) ^ = 1 ~ 3, is to be understood above. 

The three-point loop from factors are then given through the following relations ]24^ 



c 



= Plf,PluC21 + P2fiP2uC22 + {PlP2}f,uC23 + 5/i;/C24 



(A.2) 
(A.3) 
(A.4) 



(A.5) 
(A.6) 
(A.7) 



where {ab}^i, = a^b^+aub^. The numerical evaluation of the above form factors can be performed 
using the algorithm developed in [244]. 
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Appendix B 



We list in this appendix all the abbreviations used throughout this review: 



SM 


Standard Model 


CKM 


Cabibbo-Kobayashi-Maskawa 


GIM 


Glashow-Iliopoulos-Maiani 


NLC 


Next Linear Collider 


LHC 


Large Hadron Collider 


PRA 


Partial Rate Asymmetry 


FSI 


Final State Interactions 


PIRA 


Partially Integrated Rate Asymmetrv 


MHDM 


Multi Higgs Doublet Models 


SUSY 


SUperSYmmetry or SUperSYmmetric 


SSB 


Spontaneous Symmetry Breaking 


VEV 


Vacuum Expectation Value 


NLO 


Next-to-Leading Order 


2HDM 


Two Higgs Doublet Model 


3HDM 


Three Higgs Doublet Model 


MSSM 


Minimal Supersymmetric Standard Model 


FCNC 


Flavor Changing Neutral Currents 


FC 


Flavor Changing 


NFC 


Natural Flavor Conservation 


REWSB 


Radiative ElcctroWcak Symmetry Breakinj 


NEDM 


Neutron Electric Dipole Moment 


EDM 


Electric Dipole Moment 


RGE 


Renormalization Group Equations 


SUGRA 


SUperGRAvity 


EW 


T^; 1 o r t, r o W^p ?i !<■ 


TDM 


Top Dipole Moment 


ZEDM 


weak(Z) - Dipole Moment 


CEDM 


Chromo - Electric Dipole Moment 


FF 


Form Factor 


LSP 


Lightest Supersymmetric Particle 


DCS 


Differential Cross-Section 
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